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Liver and pancreas are endoderm organs possessing both endocrine and exocrine 
functions. Although their development has been intensively studies in mammals, the 
knowledge on liver progenitors and pancreas cell lineage remains poor. As such, the 
zebrafish, a promising model for development study, has been used in this study to 
investigate the two aspects.  
To investigate the early liver development, expression and function of a gene 
encoding retinol binding protein 4 (Rbp4), a plasma transporter of retinol, was 
analyzed. rbp4 was expressed in the ventro-lateral yolk syncytial layer (YSL) at 12-16 
hpf and later expanded to cover the posterior YSL. We demonstrated that rbp4 
expression was negatively regulated by Nodal and Hedgehog (Hh) signalling and 
positively controlled by retinoic acid. Knockdown of Rbp4 in the YSL resulted in 
shortened yolk extension as well as the formation of two liver buds, which could be 
due to impaired migration of liver progenitor cells. Rbp4 appeared also to regulate the 
gene encoding the extracellular matrix protein Fibronectin1 (Fn1) specifically in the 
ventro-lateral yolk, indicating a role of fn1 in liver progenitor migration. Since 
exocrine pancreas, endocrine pancreas, intestine and heart developed normally in 
Rbp4 morphants, we suggest that rbp4 expression in the YSL is required only for 
early liver development, especially for migration of liver progenitors. 
To study the pancreas cell lineage relationship, we firstly isolated and 
characterized the zebrafish somatostatin 2 (sst2) and glucagon a (gcga) promoters. 
Using the zebrafish sst2 promoter, we successfully generated three GFP transgenic 
lines that faithfully recapitulated sst2 expression in the endocrine pancreas. Secondly, 
we employed diphtheria toxin gene A chain (DTA) mediated cell ablation method to 
eliminate either exocrine pancreas (elaA expressing cells) or endocrine pancreas (ins 
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 VII
or sst2 expressing cells). It turned out that endocrine pancreas and exocrine pancreas 
are independent of each other during development. Among endocrine pancreas, we 
showed that ablation of the β-cells resulted in more profound defects in α-cells and 
almost no defects in δ-cells, while ablation of δ-cells resulted in reduction both in α- 
and β-cells. In addition, we showed that ablations of either exocrine pancreas cells or 
endocrine pancreas (β- and δ-) cells have no obvious effect on development of other 
endodermal organs such as the liver and intestine.  
In conclusion, this study explored two aspects of endoderm development in 
zebrafish. By investigation of rbp4 gene, we showed that YSL expressing rbp4 has 
specific function in early liver development especially in migration of liver 
progenitors, indicating a role of retinol in early liver development. By study of 
pancreas cell lineage in zebrafish, we suggested that while morphogenesis of pancreas 
is largely evolutionary conserved, minor difference in the cell lineage relationship of 
endocrine cells may exist between fish and mammals. 
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A vertebrate model for the study of embryonic development, the zebrafish 
(Danio rerio) possesses several advantages. Firstly, its rapid external development 
and optical clarity facilitate in vivo observation throughout the embryonic stages. This 
enables dynamic processes to be documented in a non-invasive manner. Secondly, 
continuous high fecundity of adult fish provides plentiful materials for various 
experimental manipulations. Thirdly, rapidly expanding resources in genome 
sequencing, genetic and physical mappings, and gene expression profiling provide the 
tools necessary for molecular analysis. As such, the zebrafish is suitable for large 
scale mutagenesis, transgenesis and reverse genetics. More recently, the zebrafish has 
also been employed in applied investigations such as the study of human diseases 
(reviewed by Lieschke and Currie, 2007), drug discovery (reviewed by Zon and 
Peterson, 2005) and environmental biomonitoring (Alestrom et al., 2006).  
In the past few years, the zebrfish has been mainly employed in the studies of 
ectoderm and mesoderm development. Together with more established vertebrate 
models such as mouse and frog, the induction and cell fate specification of tissues and 
organs associated with these two germ layers have been well characterized. In 
contrast, relatively little is known about endoderm-derived organs due to difficulties 
in observation arising from their internal position and relatively late development. 
Compared to other models, the zebrafish provides distinct advantages in these 
analyses. Firstly, due to its rapid development, the earliest endoderm organ rudiment 
is formed within 28 hours of fertilization (Field et al., 2003). Secondly, embryos 
develop externally and are transparent, making it easier to observe development of 
internal endoderm organs in vivo (Kimmel et al., 1995). Thirdly, zebrafish embryos 
with cardiovascular or hepatic defects can survive through the endoderm 
organogenesis stages; whereas, mammalian models with such defects usually die at 
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early stages. These advantages make the zebrafish ideal for studying gene functions at 
later stages of endoderm development (Thisse and Zon., 2002; Stainier, 2001).  
1.1 Zebrafish embryonic development   
Zebrafish embryonic development is rapid compared with other vertebrate 
models. Within two days, zebrafish develop from fertilized egg to a swimming larva. 
Briefly, zebrafish embryogenesis can be broadly divided into seven consecutive 
periods based on Kimmel et al, 1995: zygote period (0-¾ hpf, hours post fertilization); 
cleavage period (¾-2¼ hpf); blastula period (2¼-5¼ hpf); gastrula period (5¼-10 
hpf); segmentation period (10-24 hpf), pharyngula period (24-48 hpf) and hatching 
period (48-72 hpf).  
Starting from the zygote, a zebrafish embryo completes its first cleavage about 
40 minutes after fertilization. The chorion swells and surrounds the newly fertilized 
egg and the cytoplasm starts to stream toward the animal pole and this movement is 
maintained during the early cleavage stage (Kimmel et al., 1995). Early cleavages are 
meroblastic and all cells divide synchronously at a 15-minute interval. As a result, all 
blastomeres connect with each other by cytoplasmic bridges until the 16-cell stage, 
while the yolk is not cleaved. 
When the embryo enters the eighth cell cycle (2¼ hpf), the blastodisc begins to 
look like a ball which marks the beginning of blastula period (Kimmel et al., 1995). 
At early stage of this period blastomeres keep on dividing at the same rhythm as they 
do in cleavage stage. Then a series of important processes in this period occur 
sequentially including midblastula transition (MBT), formation of the yolk syncytial 
layer (YSL) and the beginning of epiboly.  
MBT begins at the tenth cell cycle which is characterized by lengthening of the 
cell cycle. The divisions become metasynchronous and RNA synthesis increases over 
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the background level. At the same time, another process occurs at the marginal tier of 
blatomeres. These blastomeres undergo a collapse and their cytoplasm and nuclei join 
the adjacent yolk cytoplasm. This process forms the yolk syncytial layer (YSL) which 
is an unique organ of teleosts.  At first, the YSL forms a narrow ring around the 
marginal area between blatomeres and the yolk. Later on, the YSL spreads under the 
blatodisc and forms a continuous internal YSL (I-YSL), in between the yolk and 
blatomeres, and may play a role in nutrition delivery and signal transduction. The 
other portion of YSL is the external YSL (E-YSL) which is external to the blastodisc 
edge and may play a role in epiboly (Solnica-Krezel and Driever, 1994; Strähle and 
Jesuthasan, 1993). After the YSL formation, for the first time, all the blatomeres are 
disconnected with each other. Epiboly starts around 4 hpf and is characterized by 
thinning and spreading of both the YSL and the blastodisc over the yolk cell.       
Following the blastula stage, the embryo initiates morphogenetic cell movements 
of involution, convergence and extension to generate three primary germ layers: 
ectoderm, mesoderm and endoderm. Involution movement starts at 50% epiboly and 
eventually the yolk cell is completely engulfed by cells at the end of gastrulation. As 
involution begins, two layers of blastomeres form: epiblasts (the upper layer) and 
hypoblasts (the lower layer). Epiblast cells at the margin continue to involute 
throughout the gastrulation period. The hypoblast cells lie just adjacent to the YSL 
and produce mesoderm and endoderm whereas epiblast cells form ectoderm at the end 
of gastrulation.  
Convergence movement starts shortly after the beginning of involution 
movement and produces a thickened group of cells at the margin at 60% epiboly. This 
thickening is known as the embryonic shield (equivalent to Spemann’s organizer in 
amphibians) and it marks the dorsal side of the embryo. Meanwhile, the cells located 
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at the animal pole form the head structures; thus marking the anterior and posterior 
axis. Shield formation indicates the beginning of rapid convergence movements. The 
cells involuting from the shield formed axial hypoblasts. About midway through 
gastrulation, axial hypoblasts become clearly distinct from paraxial hypoblasts, which 
flank the axial hypoblasts on either side. The axial hypoblasts mainly form midline 
structures such as the prechordal plate and notochord, while the paraxial hypoblasts 
mainly generate muscles. The dorsal epiblasts begin to thicken towards the end of 
gastrulation and begin to form the neural plate.  
Eventually the yolk cell is completely engulfed by cells at the end of gastrulation 
at 10 hpf and at this time the tail bud forms (Kimmel et al., 1995).  
From 10 hpf to 24 hpf, the embryo experiences a variety of morphogenetic 
movements which give rise to somites, rudiments of primary organs and more 
prominent tail bud.  From 24 hpf to 48 hpf, the embryo continues to elongate the 
body and lift the head. In addition to these movements, many other events occur 
including development of fins, pigment cells, circulatory system and more complex 
behavior. After 2 dpf (day post fertilization), the embryo starts to hatch out from the 
chorion and morphogenesis of many of the organ rudiments is now completed.  
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1.2 Endoderm development  
Formation of the three germ layers, namely ectoderm, mesoderm and endoderm, 
is one of the earliest events in establishing cell fate during vertebrate development. 
Endoderm is the innermost germ layer and it mainly gives rise to the digestive tract 
and associated organs such as the liver and pancreas. In addition, it also participates in 
the formation of respiratory system, the tympanic cavities, Eustachian tubes and 
several glands (Grapin-Botton and Melton, 2000).  
1.2.1 Gastrulation and early endoderm formation 
Endoderm progenitors often overlap with mesoderm progenitors at blastula or 
early gastrulation stages during vertebrate development. Subsequently, these 
endoderm progenitors will be determined and separate from the mesoderm 
progenitors. In the mouse epiblast embryo, endoderm progenitors are located in the 
posterior region. These endoderm progenitors overlap with presumptive mesoderm 
region and this overlap maintains even after the primitive streak forms. Similar to 
mouse embryos, chick embryos contain common progenitors of endoderm and 
mesoderm distributing in the more posterior and medial region at early primitive 
streak stage. In Xenopus, endoderm arises from both vegetal-most blastomeres and 
dorsal marginal blastomeres at 32-cell stage. Because the dorsal marginal blastomeres 
also give rise to mesoderm, endoderm and mesoderm fates are partially overlapping at 
this stage. (reviewed by Fukuda and Kikuchi, 2005). 
Recently a lot of information on early endoderm development has also been 
acquired in zebrafish. Similar to other models, zebrafish endoderm also arises from 
common precursors of both endoderm and mesoderm at early blastula stage (Kimmel 
et al., 1990). During mid and late blastula stages, most endoderm progenitors are 
located within a 2-cell diameter range of the blastoderm margin and at more dorsal-
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lateral area. With the onset of gastrulation, these common precursors became 
restricted in their lineage and endoderm specific progenitors began to appear at the 
marginal zone of the shield stage. At 75% epiboly stage, endoderm precursors acquire 
unique cell morphology and distinguish themselves from mesoderm counterpart 
(Warga and Nusslein-Volhard, 1999). Detailed fate map studies have shown that the 
dorsal-lateral position of endoderm precursors at late blastula stage corresponds to the 
anterior-posterior part of presumptive digestive system (Warga and Nusslein-Volhard, 
1999; Bally-Cuif et al., 2000).  
In summary, vertebrates endoderm arises from cells with both endoderm and 
mesoderm fate. During blastula and gastrulation stages, these progenitors gradually 
commit to endoderm fate and distinguish themselves from adjacent mesoderm.  
1.2.2 Gut tube formation   
After formation of the endoderm germ layer, these cells further specify and 
differentiate into endoderm organs; among these gut tube formation is usually the first 
step of endoderm organogenesis. In amniotes, gut tube formation begins with a sheet 
in endoderm. The anterior portion of the sheet then proceeds to fold into the foregut, 
followed by posterior folding to generate the hindgut. The two foldings eventually 
join together to make the complete gut tube (reviewed in Fukuda and Kikuchi, 2005; 
Wells and Melton, 1999). In mammals, from anterior to posterior, different domains 
of the gut tube include pharynx, thymus, thyroid, lung, esophagus, stomach, 
duodenum, small intestine and large intestine, as well as the associated organs such as 
liver, pancreas and gall bladder.  
In contrast, based on histological analysis and expression patterns of molecular 
markers, Wallace and Pack (2003) reported that the zebrafish gut tube is formed by 
rearrangement of newly polarized cells rather than the folding of endoderm sheet. In 
Chapter 1 
 8
addition, gut tube formation in zebrafish is relatively late, occurring at mid-somite 
stage, compared to the formation in the early somite stages (1-2 somites) in mammals 
(Wallace and Pack, 2003). Consistent with the above notion, based on observations of 
the gutGFP transgenic fish and expression patterns of molecular markers, Ober et al., 
(2003), proposed that the early endoderm forms a sparse layer of cells during early 
somitogenesis that move toward the midline to form a multi-cellular endodermal rod 
by 20 hpf. The cells in the rod then further rearrange and polarize to finally form the 
digestive canal of zebrafish (Field et al., 2003; Horne-Badovinac et al., 2001). Despite 
these differences, the temporal sequence of gut tube formation is conserved between 
zebrafish and mammals; i.e. the rostral gut is formed first, followed by the posterior 
gut, and finally the middle gut.  
1.3 Liver development  
The liver is a large and multi-function endoderm glandular organ which exerts 
both endocrine and exocrine functions. It is located in the foregut posterior to the 
stomach and adjacent to the pancreas and the gall bladder. The liver mainly contains 
two types of cells: hepatocytes and bile duct cells. The studies on liver development 
have been carried out extensively in mice, chick and rats. Recently Xenopus and 
zebrafish have also been shown to be good models for the study of liver development.  
Studies in mammals showed that in general early liver development could be 
divided into three steps: competency and specification; bud formation; and finally 
growth and differentiation (reviewed in Lemaigre and Zaret, 2004; Zaret, 2002; 
Duncan, 2003). The competency and specification phase occurs after gut tube 
formation in mammals. Firstly the future liver endoderm cells acquire the ability to 
respond to induction signals originated from the adjacent cardiogenic mesoderm and 
the septum tranversum mesenchyme cells, and commit to a hepatic fate. These cells in 
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the specified region of gut tube proliferate and collectively bud into the nearby 
stromal environment and interact with endothelial cells of mesodermal origins. These 
hepatic endoderm cells are subsequently delaminated from the ventral foregut and 
migrate into the septum tranversum mesenchyme. There, the liver bud continues to 
grow, develops different cell types and ultimately organize into a functional liver.   
In zebrafish, two different proposals of liver development have been reported. 
Wallace and Pack (2003) showed that liver progenitors arose from rostral endoderm 
independently of gut tube formation. This statement was based on analyses of several 
early endoderm and liver markers such as foxa2, hhex and gata6; histological 
examinations of the gut tube formation; and ethanol treatment experiment. Expression 
of these markers was demonstrated prior to gut tube formation, indicating that liver 
specification predates gut tube formation (Wallace and Pack, 2003). Furthermore, by 
treating embryos with ethanol beginning at 10 hpf, over 50% embryos did not form a 
gut tube, whereas over 90% embryos showed duplicated livers at 50 hpf, suggesting 
that liver progenitors arise independently of the gut tube. A different view came from 
the observation of the gutGFP transgenic line by Field et al., (2003; also reviewed in 
Ober et al., 2003). They observed that the liver arose from the gut tube in two stages: 
budding and growth. The budding stage was further divided into three phases: phase I, 
24 hpf - 28 hpf, the hepatocytes first aggregated; 28 hpf - 34 hpf, the liver was distinct 
and the liver cells increased in size; phase III, 34 hpf - 50 hpf, the hepatic duct was 
formed between liver and intestine. After the budding stage, the liver increases in size 
and extends cross the midline to the right side by 4 dpf (growth stage). Therefore, 
inconsistent views of liver formation exist for zebrafish and it deserves further 




1.3.1 Liver progenitors  
As reviewed above, many studies have focused on liver specification and bud 
formation; so far, little information is available about the liver progenitors prior to the 
expression of liver-specific genes. Fate mapping in chick (Rosenquist, 1971), 
zebrafish (Warga and Nusslein-Volhard, 1999), frog (Chalmers and Slack, 2000) and 
mouse (Tremblay and Zaret, 2005) indicated that liver arises, at least in part, from 
different groups of endoderm cells located as paired lateral domains. In mice, by 
generating a partial fate map beginning from several stages before liver specification, 
Tremblay and Zaret (2005) have located liver progenitors to three domains at the 1-3 
somite stage: one ventral medial domain which gives rise to several gut tissues 
including liver cells, and two lateral domains which exclusively develop to liver cells. 
They have also showed that the lateral domains moved toward the ventral midline. 
Similarly, Chalmers and Slack (2000) have found in Xenopus that liver progenitors 
are located as paired domains in the anterior vental region of the early neurula embryo. 
In zebrafish, Warga and Nusslein-Volhard (1999) have reported that liver progenitors 
are located at both sides of the embryo at late blastula stage: one dorsolateral group on 
the right and one ventrolateral group on the left. Similarly, Ward et al., (2007) have 
shown that liver progenitors are located in two broad domains, left and right, at early 
gastrula stage during zebrafish development. Compared to pancreas progenitors, liver 
progenitors are located more ventrally. Although detailed cell movement of these liver 
progenitors after gastrulation has not been demonstrated, it appears that paired 
domains of liver progenitors and the lateral-medial movement of these cells are 





1.3.2 Signaling pathways in liver development 
1.3.2.1 Liver competency and specification 
Although there are differences in morphogenesis of liver formation among 
different models, signaling pathways seem to be conserved especially in the key 
factors. As mentioned in section 1.3, at least three mesoderm tissues (cardiogenic 
mesoderm, septum tranversum mesenchyme and endothelial cells) are important for 
induction of ventral gut endoderm into liver cells. It has been revealed that the signals 
are mainly BMP from septum tranversum mesenchyme (Rossi et al., 2001) and FGF 
from cardigenic mesoderm and endothelial cells (Jung et al., 1999). Zhang et al., 
(2004) have also suggested that BMP and FGF play similar roles in liver formation in 
chick. Furthermore, FGF signaling can induce liver from endoderm based on animal 
cap experiments in Xenopus (Chen et al., 2003). 
To respond to signals from mesoderm, the prospective liver endoderm must 
acquire the competency first. It has been shown that three Foxa factors and Gata4 
played important roles in this step (reviewed in Zaret, 2002; Lee et al., 2005). 
Through binding to the compact chromatin, Foxa factors and Gata4 function to 
remodel the chromatin structure to an open status for other transcription factors to 
bind to the “hepatic enhancer”. Zebrafish foxa genes (foxa1, 2, 3) have been shown to 
be expressed in embryonic liver suggesting their roles in liver development (Odenthal 
and Nusslein-Volhard, 1998). However, whether zebrafish foxa genes share similar 
function of their orthologues in mammals needs further investigation. Gata4 has also 
been shown to be expressed in embryonic liver of zebrafish and knockdown of both 
Gata6 and Gata4 resulted in no liver bud formation, indicating importance of Gata 
factors in zebrafish liver development.  
Apart from the Foxa and Gata factors, retinoic acid (RA) is also suggested to 
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play a role in liver specification during zebrafish development. RA signaling is 
important for many aspects during vertebrate development (Blomhoff and Blomhoff, 
2006; Maden, 2000), especially for the anterior-posterior (AP) patterning of of central 
nervous system (CNS) and mesoderm (Durston et al., 1998). By employing a mutant 
inhibiting RA synthesis and an antagonist of RA receptor, Stafford and Prince (2002) 
demonstrated that RA is required for liver specification in zebrafish. Retinol binding 
protein 4 (Rbp4) is the plasma transporter of retinol, the precursor of RA, and is 
mainly produced in the adult liver. Except for delivering retinol from liver to other 
tissues, recently, rbp4 was linked to type 2 diabetes in adult mice (Yang et al., 2005). 
However, very little is known about the role of rbp4 during early liver development.  
1.3.2.2 Liver bud formation 
Mammalian liver bud formation is similar to other organ buds as the 
hepatoblasts proliferate and bud from the completely formed gut tube. This process 
involves expression of different genes responding to the signals from adjacent 
mesodermal cells. hex and prox1 are important genes involved in this process. 
Specifically, hex knockout mouse failed to form a liver bud (Keng et al., 2000). Loss 
of prox1 in mice resulted in a smaller liver surrounded by laminin-rich basal 
membranes (Sosa-Pineda et al., 2000), indicating its role for hepatocyte migration 
during liver bud formation. 
In zebrafish, whether the liver is formed by budding from the gut tube or from 
liver progenitors outside of the gut tube is still not clear. However the expression of 
hex and prox1 in embryonic liver of zebrafish suggest a conserved role of these 
molecules in vertebrates. prox1 starts to express in the liver bud around 26 hpf 
(Glasgow and Tomarev, 1998) which coincides with the beginning of the budding 
stage of liver development (Field et al., 2003). Indeed, knockdown of prox1 in 
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zebrafish resulted in a smaller liver (Liu et al., 2003) which is similar to the 
phenotype in prox1 mutant mice. Similarly, hhex is expressed in zebrafish liver during 
embryogenesis (Ho et al., 1999) and smaller liver was also observed in hhex 
morphants (Wallace et al., 2001). Therefore, although the morphogenesis of liver bud 
formation has differences between zebrafish and mammals, the molecules involved in 
similar steps seem conserved.  
1.3.2.3 Liver growth and differentiation 
For liver growth, a group of factors such as Hgf, c-Met, c-Jun, MKK4 and Xbp1 
form a pathway that activates the cell proliferation (reviewed in Duncan, 2000; Zaret, 
1998). In addition, double heterozygous inactivation of Smad2 and Smad3 also 
caused fetal liver hypoplasia, indicating their function in liver bud growth (Weinstein 
et al., 2001). On the other hand, NF-κB signaling functions as an inhibitor of cell 
death during hepatogenesis (Doi et al., 1999; Li et al., 1999b; Rosenfeld et al., 2000). 
Thus, a combination of signals controls the growth of early liver cells.  
In zebrafish, the pescadillo (pes) gene was reported to play a role in zebrafish 
liver growth (Allende et al., 1996). Subsequent studies on the homologues of pes in 
mouse and yeast showed that it is required for cell cycle progression (Du and Stillman, 
2002; Kinoshita et al., 2001). Similarly, nil per os (npo) gene in zebrafish was 
demonstrated to be essential for the growth and differentiation of the gut, exocrine 
pancreas and liver (Mayer and Fishman, 2003). npo is related to yeast Mrd1p which 
has been shown to be involved in pre-ribosomal RNA processing (Jin et al., 2002). 
Recently, Chen et al., (2005) have showen that digestive-organ expansion factor (def) 
is responsible for digestive organ growth and mutation in def gene leads to up-
regulation of Delta113p53, counterpart to a newly identified isoform of p53 in human, 
in digestive organs including liver and as a result arrests their growth.  These results 
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shed new light on liver growth and demonstrate that zebrafish could not only serve as 
a model to verify other models, but also provide a starting point for new studies. 
Tremendous efforts have been made on the identification of transcription factors 
involved in liver differentiation since the 1980s. Many transcription factors have been 
isolated such as Hnf1α, Hnf1β, c/ebp family, Hnf3s, Hnf4α and Hnf6. However, 
knockout of individual factor usually resulted in negligible phenotype, indicating the 
cooperation of many factors in liver differentiation. However, one factor, Hnf4α, has 
been suggested to be the central regulator of hepatocyte differentiation since it is 
essential for the expression of a large number of genes that regulate hepatocyte 
differentiation (Li et al., 2000; Odom et al., 2004). In zebrafish, some hnf genes have 
been cloned and their function seems conserved in liver differentiation. hnf1 mutant 
led to undifferentiated hepatocyte (Sun and Hopkins, 2001) and either knockdown or 
over-expression of Hnf6 resulted in disrupted development of intrahepetic bilitary tree 
(Matthews et al., 2004). Recently, Cheng et al., (2006) reported the identification of 
129 adult liver-enriched genes in zebrafish. Among them, 69 are also enriched in 
embryonic liver. Promoter analyses of the 69 genes showed that 51 contain putative 
binding sites for more than one Hnf factors, suggesting conserved roles of Hnf factors 
during zebrafish liver development. 
1.4 Pancreas development and cell lineage relationship  
Pancreas is another foregut associated organ which contains two distinct 
populations of cells - the exocrine pancreas that secrets enzymes for food digestion, 
and the endocrine pancreas that secrets hormones for glucose homeostasis. In 
mammals the exocrine pancreas accounts for more than 90% of all pancreatic cells 
and it is a branched, lobulated acinar gland. The endocrine pancreas cells are grouped 
into compact sphere-shape clusters, the islets of Langerhans, which are embedded in 
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the exocrine pancreas.  
The morphogenetic events of pancreas development have been well 
characterized in vertebrates. Mammals, birds, reptiles and amphibians show similar 
process in pancreas development. Generally, the gut area between the stomach and 
duodenum is firstly specified. Later, dorsal and ventral pancreas buds form, which 
further grow, branch and fuse to form a single bud (reviewed in Slack, 1995). Both 
buds give rise to exocrine and endocrine cells (Kim and Hebrok, 2001).  
Similar to liver formation, there are two views on pancreas formation in 
zebrafish. Studies based on the gutGFP transgenic fish indicated that pancreas appears 
as two buds: the anterior ventral and the posterior dorsal bud. Later on, the two buds 
fuse together to form the pancreas bud (Ober et al., 2003; Field et al., 2003). In 
contrast, by examining molecular markers and histology, it has been proposed that 
pancreas buds arise independently of the gut epithelium, which then connect to the 
intestine (Yee et al., 2005). This is markedly different from the observation in 
mammals where the pancreas buds branch out from the gut tube.  
1.4.1 Exocrine pancreas 
Exocrine pancreas mainly contains two types of cells, the secretory acinar cells 
and ductular cells. The acinar cells are grouped into acini and they could produce at 
least 22 enzymes including proteases, amylases, lipases and nucleases. Among the 
acinar cells, the centroacinar cells, located at the junction of acinar cells and the duct 
cells, produce the non-enzyme components of the pancreas juice. The ductullar cells 
form the highly branched duct which transport the pancreas juice into the intestine 
(reviewed by Slack, 1995; Edlund, 2002).  
Very little information is known about exocrine pancreas morphogenesis. 
Although the cell lineage within the pancreatic epithelium is not completely 
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characterized, it is generally believed that the acini form at the terminal branches of 
the pancreatic duct-like epithelium (Pictet et al., 1972). Recently, Zhou et al., (2007) 
identified multi-potent pancreatic progenitors in mouse pancreas, which are located at 
the tip of the branching pancreatic tree. Following outgrowth of the branches, the tip 
progenitors leave the differentiated progeny in the trunk of the branches, where they 
eventually form endocrine, exocrine and duct cells.  
In zebrafish, the exocrine and endocrine pancreas develop from spatially 
separated buds (Biemar et al., 2001; Field et al., 2003; Lin et al., 2004; Zecchin et al., 
2004). By histological, immunohistochemical, ultrastructural analyses and early 
ethanol treatment, Yee et al., (2005) have suggested that zebrafish exocrine pancreas 
buds arise from bilateral sets of progenitors which migrate, fuse and differentiate 
before joining the rostral intestine. They have also indicated that zebrafish acini 
appear to form in situ from exocrine pancreas progenitors that are not organized as a 
simple epithelium.  
1.4.2 Endocrine pancreas  
Compared to exocrine pancreas, endocrine pancreas only account for 1-2% of 
the total cell mass in vertebrates pancreas. There are four principal types of endocrine 
cells (reviewed by Slack, 1995; Edlund, 2002). Among the four principal types of 
endocrine cells, β-cells are located in the core of the islet and account for 60-80% of 
the islet. They mainly function to lower the blood sugar level through promoting the 
uptake of glucose in the target tissues (liver, muscle and the fat) and inhibiting the 
glucose production in the liver. Conversely, the α-cells, accounting for 15-20% of the 
islet, are located at the periphery of the islet and they are responsible for raising the 
blood sugar level by promoting the glycogenolysis and gluconeogenesis. δ-cells and 
pancreatic polypeptide (pp)-cells are also located at the surrounding layer of the islet 
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and they play important role in inhibition of  both pancreatic endocrine and exocrine 
secretion (reviewed by Edlund, 2002). Recently, Prado et al., (2004) reported a fifth 
type of endocrine pancreas cells: ε-cells. They are very few in numbers in the islets 
and they mainly produce the proteohormone ghrelin which regulates food uptake 
(Rindi et al., 2004). 
Development of endocrine pancreas has been extensively studied in mammals. 
Endocrine cells are initially scattered as individual cells in the pancreatic ducts and 
later exit the ducts either as individual cells or small clusters, and finally form the 
islets at the end of gestation (reviewed by Edlund, 2002; Hill, 2005). Glucagon (gcg) 
expressing cells were first detected at 9.5 dpc (Herrera et al., 1991; Teitelman et al., 
1993; Upchurch et al., 1994) and one day later insulin (ins)-expressing cells were also 
detected and most of them also express gcg (Teitelman et al., 1993). Somatostatin 
(sst)-expressing cells develop rather late around 15.5 dpc and pp-expressing cells last 
appear shortly before birth (Ahlgren et al., 1997; Teitelman et al., 1993; Upchurch et 
al., 1994). However, using RT-PCR Gittes and Rutter (1992) demonstrated that sst 
mRNA was first detected at 8.5 dpc in mice, followed by ins and gcg at 9.5 dpc and 
pp at 10.5 dpc.  
In zebrafish, it has been suggested that the dorsal pancreatic bud exclusively 
gives rise to the endocrine pancreas. Ins was the first to be detected by whole mount 
in situ hybridization (WISH) at 12 somite stage followed by sst (16 somite stage) and 
gcg (24 somite stage) (Biemar et al., 2001). By immunobiochemistry assay, Ins, Gcg 
and Sst were all first detected at 24 hpf (Argenton et al., 1999).  
1.4.3 Signaling pathways and gene regulatory factors in pancreas development   
1.4.3.1 Early pancreas specification  
It has been demonstrated that in a variety of vertebrate models pancreas 
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development requires a highly coordinated and complex gene regulation and cell-cell 
signaling (reviewed in Slack, 1995; Kim and Hebrok, 2001; Edlund, 2002; Kim and 
MacDonald, 2002; Kumar and Melton, 2003; Murtaugh and Melton, 2003; Ober et al., 
2003; Jensen, 2004; Pieler and Chen, 2006). Pancreas specification depends on the 
anterior and posterior (A-P) patterning of endoderm at early stage. During gastulation, 
the signals from adjacent mesoectoderm such as RA and BMP play roles on the 
specification of pancreatic domain (Stafford and Prince, 2002; Tiso et al., 2002). 
Xenopus, quail and mice need RA signals but specifically for the formation of dorsal 
pancreatic bud (Chen et al., 2004; Stafford et al., 2004; Molotkov et al., 2005; Martin 
et al., 2005). Reduction of RA during zebrafish gastrulation resulted in absence of 
expression of pancreas markers, whereas increase in RA led to rostral expansion of 
pancreas fate. Interestingly, in zebafish, the requirement for RA is most apparent 
during late gastrulating. Treatment with RA or its inhibitor at this stage only affect the 
development of pancreas and the adjacent liver while the posterior endoderm forms 
normally, indicating the regionalization of response to RA in the developing 
endoderm (Stafford and Prince, 2002). Similarly, using BMP mutant and inhibitor, 
Tiso et al., (2002) have demonstrated that BMP also plays a role in the specification 
of pancreatic domain in zebrafish at late gastrulation or stages just after gastrulation.  
1.4.3.2 Pancreas bud formation  
The formation of dorsal and ventral pancreatic buds is regulated differently. In 
mice, the dorsal bud appears first at 9.5 dpc and it is in close proximity to the 
notochord. Later the dorsal aorta displaces the notochord and it has been shown that 
FGF, TGFβ, VEGF and Hedghog-type ligands from these tissues play roles in dorsal 
pancreatic bud formation (reviewed in Wells and Melton, 1999; Grapin-Botton and 
Melton, 2000; Jensen, 2004). In addition, islet1, which is expressed in the dorsal 
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mesenchyme, is also important for dorsal pancreatic development. Knockout of islet1 
in mice severely blocks dorsal pancreatic development. Similarly, N-cadherin is 
initially expressed in mesenchyme and later in the pancreastic tissue (Esni et al., 
2001). Although N-cadherin is expressed in equal abundance in both the dorsal and 
ventral pancreatic buds, the null mutant of N-cadherin exhibits a selective lack of 
dorsal bud. In addition to the biased function of mesenchyme in pancreatic bud 
formation, the genes expressed in the epithelium of pancreatic bud also show distinct 
functions in dorsal and ventral bud formation. For example, loss-of-function of hlxb9 
leads only to the agenesis of the dorsal bud, despite it being expressed in both buds 
(Harrison et al., 1999; Li et al., 1999a).  
The ventral bud forms later around 10.5 dpc close to the liver and bile duct 
epithelium. The formation of ventral pancreatic bud requires signals from the lateral 
plate mesoderm, and members of activin and BMP families have been shown to 
mimic this pancreatic induction in vitro (Kumar et al., 2003).   
1.4.3.3 Pancreatic specification 
Pdx1 is the first gene shown to be cell-autonomously required for pancreas 
development in mice and human (Jonsson et al., 1994; Stoffers et al., 1997). 
Expression of pdx1 begins in the epithelium cells of both dorsal and ventral pancreatic 
buds. This expression persists during the evagination and branching period and is 
restricted to β-cells and a subset of δ-cells in adult (Oster et al., 1998). Pdx1 null 
embryos showed strong hypoplasia in both dorsal and ventral buds and evident failure 
in subsequent pancreas expansion (Jonsson et al., 1994; Offield et al., 1996). These 
effects were probably due to the inability of epithelium to respond to mesenchyme 
signals (Bhushan et al., 2001). Meanwhile, pancreas cell lineage analyses also address 
the importance of pdx1 as all pancreas cells were derived form pdx1 positive 
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precursors (Herrera, 2000; Gu et al., 2003). Similarly, it has been demonstrated that 
pdx1 in zebrafish plays an essential role in pancreas development, as knockdown of 
pdx1 in zebrafish resulted in the reduction of both exocrine and endocrine tissues 
(Huang et al., 2001a; Yee et al., 2001).  
Although pdx1 is important for pancreas development after budding, it seems to 
be insufficient to induce pancreas fate (Grapin-Botton et al., 2001). Thus, 
combination of transcription factors appears to be crucial for pancreas specification 
and ptf1a/p48 may be one such factor. Although ptf1a/p48 is thought to be only 
involved in exocrine lineage establishment, recent studies in mice also indicated its 
early role in pancreas development. ptf1a/p48 is expressed in the pancreatic precursor 
cells at 10.5 dpc together with pdx1 but in a more restricted manner (Kawaguchi et al., 
2002). By knock-in and lineage tracing, it has been demonstrated that in the ptf1a/p48 
null mouse, pancreatic progenitors switch to a duodenal fate, indicating that ptf1a/p48 
is required to maintain a pancreatic fate (Kawaguchi et al., 2002). Furthermore, 
ectopic expression of both pdx1 and ptf1a results in the stable conversion of posterior 
endoderm into endocrine and exocrine pancreatic tissue in Xenopus (Afelik et al., 
2006). Therefore, the combination of pdx1 and ptf1a/p48 may be vital for the 
definition of the pancreatic precursor cell status.   
1.4.3.4 Exocrine pancreas specification 
ptf1a/p48 has been shown to play a role in exocrine specification. Mice with 
ptf1a/p48 null mutation fail to form an exocrine pancreas (Krapp et al., 1998). 
Similarly, knockdown of ptf1a/p48 in zebrafish and frog suppresses the expression of 
exocrine pancreas markers (Lin et al., 2004; Zecchin et al., 2004).   
Another gene involve in exocrine pancreas development is mist1. It is expressed 
in the exocrine pancreas but absent in ducts (Yoshida et al., 2001). Mist1-/- mice lose 
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the differentiated characteristics of exocrine pancreas and lead to exocrine lesions 
subsequently. Moreover, co-expression of ductal and exocrine markers in exocrine 
pancreas of the mist1-/- mice suggests that mist1 is required for maintaining exocrine 
pancreas identity (Pin et al., 2001).  
islet1 is expressed in the dorsal mesenchyme and is known to be important for 
the differentiation of dorsal exocrine pancreas. The failure of dorsal exocrine pancreas 
differentiation in islet1-/- mice can be rescued in vitro by dosal mesenchyme from wild 
type embryos (Ahlgren et al., 1997). Similarly, knockdown of islet1 in zebrafish 
results in reduction or absence of posterior exocrine pancreas (Wan et al., 2006).  
1.4.3.5 Endocrine pancreas specification  
Compared with exocrine pancreas studies, a significant number of genes were 
demonstrated to play roles in endocrine pancreas development.   
Like ptf1a/p48 for exocrine pancreas development, Neurogenin3, a bHLH factor, 
is the key gene for endocrine pancreas fate determination. Absence of neurogenin3 
leads to complete loss of all endocrine pancreas cells (Gradwohl et al., 2000). 
Furthermore, the development of enteroendocrine cells in the intestine and gastric 
endocrine cells also require neurogenin3 (Jenny et al., 2002; Lee et al., 2002). 
NeuroD, another bHLH factor, is downstream of Neurogenin3 and is shown to be 
involved in the stabilization of endocrine cell fate rather than regulating cell 
differentiation (Huang et al., 2000; Kristinsson et al., 2001). As opposed to 
neurogenin3 which promotes endocrine cell fate, various components of the notch 
signaling pathway such as hes1, Dll1, rbp-jκ, repress endocrine cell fate (Apelqvist et 
al., 1999; Jensen et al., 2000).  
Factors important for the determination of specific cell types in endocrine 
pancreas have also been extensively studied. Islet1, which is the first homeodomain 
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factor identified from β-cells, has been shown to be a necessary cell-autonomous 
factor for islet cell differentiation (Ahlgen et al., 1997). Knockout mice targeting 
hlxb9 or neuroD have fewer β-cells (Harrison et al., 1999; Naya et al., 1997), while 
Nkx2.2 or Nkx6.1 knockout mice have no mature β-cells (Sussel et al., 1998; Sander et 
al., 2000). In pax4 knockout mice, no β- and δ-cells are detected, but there is an 
increase of α-cells in a disorganized manner (Sosa-Pineda et al., 1997). In contrast, 
mice lacking arx display no mature α-cells, while the β- and δ-cells are proportionally 
increased (Collombat et al., 2003). Similarly, no α-cells are detected in pax6 knockout 
mice but β- and δ -cells are present (St Onge et al., 1997). Indeed, pax4 and pax6 
double mutants display a complete absence of endocrine pancreas (St Onge et al., 
1997). In order to gain further insight into α-, β- and δ-cell differentiation, Collombat 
et al, (2005) carried out double knockout of both arx and pax4 and revealed a 
complete loss of α- and β- cells, accompanied by a dramatic increase of δ-cells. This 
phenotype is likely the result of mutual inhibition between Arx and Pax4. These 
results also suggest an essential role for pax4 in β-cell differentiation. Based on these 
observations, it showed that different genes are responsible for different endocrine 
cell lineage: islet1, hlxb9, neuroD, Nkx2.2 and Nkx6.1 genes for β-cells; arx and pax6 
genes for α-cells; and pax4 gene for both δ- and β-cells.  
1.4.4 Lineage analysis methodologies   
Cell lineage analysis is a powerful tool for identifying progenitors of mature cell 
types and the various steps leading to progressive cell fate restriction.  
Several methods are available for tracing cell lineage relationship (reviewed by 
Gu et al., 2003). One method is to label cells physically by direct injection of 
fluorescent dyes or replication-incompetent virus. This method is relatively simple to 
perform. However, it is indiscriminate in nature, and cells in deep tissues are seldom 
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labeled specifically (Cepko et al., 2000).  
A more specific method makes use of an appropriate gene’s expression pattern. 
There are two credible options of this method: lineage ablation either by gene 
inactivation mutants or by specific promoter driving a toxin gene; irreversible labeling 
of cells and their progeny under control of specific promoter. The later one makes use 
of the Cre-LoxP system (Herrera, 2000; Jasinski et al., 2001). This method basically 
needs two transgenic lines: one is Cre line, which uses a specific promoter to drive 
Cre recombinase; another is “reporter line”, which, when crossed with a Cre line, the 
reporter gene will be expressed either in all the cells following excision event or in 
specific group of cells depending on ubiquitous or specific promoter in “the reporter” 
line.  
1.4.5 Exocrine and endocrine pancreas cell lineage relationship   
Studies of lineage relationship between exocrine pancreas and endocrine 
pancreas mainly depend on mutants analyses. Mutants of mice (Krapp et al., 1998) 
and zebrafish (Mayer and Fishman, 2003; Pack et al., 1996) with exocrine defect have 
been shown to have normal endocrine pancreas development. Furthermore, cell 
ablation studies in mice using elastaseI promoter to drive DTA expression in exocrine 
pancreas cells (Palmiter et al., 1987) has shown that endocrine pancreas cells can 
develop normally in the absence of exocrine pancreas cells (Palmiter et al., 1987). 
These results suggest that endocrine pancreas differentiation is independent of 
exocrine pancreas.  
Compared to relationship between exocrine and endocrine pancreas, lineage 
relationship among different endocrine cells has been investigated using mutants 
analyses, cell ablation and Cre-Loxp system.  
Although there is not a clear map of the entire endocrine pancreas cells lineage, 
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Based on mutant analyses, a tentative model of mouse endocrine pancreas lineage has 
been proposed (Collombat et al., 2005). α-and β/δ cell lineage are separate based on 
analyses of pax4, pax6 and arx knockout mice (Sosa-Pineda et al., 1997; St-Ong et al., 
1997; Collombat et al., 2003). β- and δ- cell lineage are separate depending on 
unknown factors (Collombat et al., 2005). In addition to analyses of mutants, Herrera 
et al. (1994) applied cell ablation method to elucidate endocrine pancreas relationship 
in mice. They showed that in either α- or β-cell ablation, no defect was observed in 
the other cell type. In contrast, in pp cell ablation, there was obvious β- and δ-cell 
reduction. They proposed that pp cells may be the progenitor cells of β- and δ-cells 
and α- and β-cells have independent lineage. More recent work employed the Cre-
Loxp approach in mice (Herrera, 2000). This method permits detection of progeny 
cells which no longer express the gene of interest. In this study, the author used 
specific promoters for both “reporter” and “Cre” lines. The results supported previous 
observation in cell ablation experiments that α- and β-cells are independent; and pp 
expressing cells are indispensable for β-cells and δ-cells. Based on all the 
observations above, a tentative lineage map of pp, β-, α- and δ-cells in mice is as 
follows: pp cells are indispensable for β- and δ-cells; α- and β-cells are independent of 
each other; α-and β/δ lineage are separate. 
Unlike in mice, it is as yet impossible to do targeted gene knockout in zebrafish, 
and there are very few reported mutants in endocrine pancreas development due to 
difficulties in observing endocrine cells. Recently, Kim et al., (2006) obtained several 
zebrafish mutants affecting endocrine pancreas development by screening with WISH. 
They found that α-cells were always specified with β-cells, while δ-cells were 
specified separately. These results give us some clues in endocrine pancreas lineage in 
zebrafish. However, it is difficult to draw a definitive conclusion based solely on 
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mutant analysis as it could not distinguish the paracrine effect with the direct cell 
lineage effect.  
In summary, so far most endocrine pancreas cell lineage works have been done 
in mice. More information in endocrine pancreas lineage relationship is needed for 
comparative studies in an evolutionary way. Furthermore, the knowledge acquired in 
zebrafish could facilitate better understanding of cell lineage relationship and 
development of mammalian endocrine pancreas. 
1.5 Rationale and objectives of the proposed study 
The zebrafish has become an excellent model for investigation of endoderm 
development. Increasing information has been obtained in morphogenesis and 
signaling pathways in endoderm organ development such as liver and pancreas. 
However, the knowledge on zebrafish liver bud formation and pancreas cell lineage 
remains poor.  
The process of liver specification and differentiation has been extensively 
studied in mammals; however, what took place before liver specification is less 
understood. Little is known about the location and the subsequent movement of liver 
progenitors. Recently, Tremblay and Zaret (2005) reported a fate map in mice, 
indicating there is indeed cell migration before liver bud formation. Whether similar 
process occurred in zebrafish liver bud formation is still unknown.  
Pancreas cell lineage relationship has been well studied in mice. It has been 
demonstrated that β- and α-cells are independent of each other. However, pancreatic 
polypeptide (pp) cells are indispensable for β- and δ-cells development. Compared to 
mice, little is known about zebrafish endocrine cell lineage relationship. Glaringly, 
lineage tracing from δ-cell has not been performed in any model.  
This thesis consists of two parts, one for the liver bud formation and the other for 
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pancreas cell lineage. The main objectives of this study are:  
z Investigation of early liver development including liver progenitor migration 
and liver bud formation by characterization of the expression and function of 
rbp4 gene.  
z Generation of endocrine pancreas-specific living color transgenic line for 
analyses of endocrine pancreas development and cell lineage.  
z Analyses of exocrine and endocrine pancreas cell lineage by DTA-mediated 
cell ablation under exocrine and endocrine pancreas-specific promoters 



















2.1 DNA applications  
2.1.1 DNA preparation and purification 
2.1.1.1 Isolation and purification of plasmid DNA 
Small-scale preparation of plasmid DNA was carried out using Wizard Miniprep 
kit (Promega, USA), with the processing of alkaline lysis followed by the binding of 
plasmid DNA to a positive charged silica-based resin. DNA was then re-dissolved and 
eluted in low salt buffer or water. Normally, around 10 μg of plasmid DNA can be 
isolated from 5 ml of overnight bacteria culture in Luria-Bertani (LB) medium. 
Firstly, the bacteria in LB liquid medium with appropriate antibiotics were 
harvested by centrifugation at 5,000 rpm for 3 minute using the 5417C centrifuge 
(Eppendorf, Germany). The bacterial pellet was then re-suspended in 250 μl Cell 
Resuspension Solution (100 mg/ml RNAse A; 10 mM EDTA; 25 mM Tris-HCl, pH 
7.5). 250 μl of Cell Lysis Solution (0.2 M NaOH; 1% SDS) and 10 μl of alkaline 
protease solution was added to the bacterial suspension and mixed by gently inverting 
the tube for several times.  
After 5 min incubation at room temperature, this mixture was then neutralized 
by adding 350 μl of Neutralization Buffer (1.32 M KOAc, pH 4.8). After being 
centrifuged in a microcentrifuge tube at 14,000 rpm for 10 minutes, the supernatant 
was transferred into a fresh mini-column provided in kit and was centrifuged at 
14,000 rpm for 1 min. The flow-through was discarded. After adding 750 μl Column 
Wash Solution (200 mM NaCl; 5 mM EDTA; 20 mM Tris-HCl, pH 7.5; 75% EtOH), 
the minicolumn was centrifuged at 14,000 rpm for 1 minute. Then the flow-through 
was discarded again and 250 μl Column Wash Solution was added. The minicolumn 
was centrifuged at 14,000 rpm for 2 minutes. Then the minicolumn was transferred to 
a new microcentrifuge tube. To elute plasmid DNA, 50 μl water was added into the 
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minicolumn and incubated for 2 minutes at room temperature, followed by 
centrifugation at 14,000 rpm for 1 minute. 
2.1.1.2 cDNA synthesis 
cDNA synthesis reaction was performed in 30 μl of total volume containing 3 μl 
of 10X first-strand buffer (50 mM Tris-HCl, pH8.3; 75 mM KCl; 3 mM MgCl2 and 
10 mM DTT), 3 μl of 10 mM dNTP, 1 μl of RNAse inhibitor (40 U/ul), 3 μl of oligo 
dT primer (1 ug/ul), 5 μg of total RNA and 1 μl of CMV reverse transcriptase (50 
U/ul). After incubating at 37 °C for 1.5 hours, the reaction was either used as template 
for PCR immediately or stored at - 80 °C for further use. 
2.1.1.3 Recovery of DNA fragments from agarose gel 
QIAquick Gel Extraction Kit (QIAGEN, USA) was used to recover or purify 
DNA fragments ranging from 100 bp to 10 kb from agarose gel according to 
manufacturer’s instruction. The DNA fragment could be PCR products, plasmids or 
DNA after RE digestion. Briefly, the gel slice containing the DNA band of interest 
was cut from the gel and transferred into Buffer (3 ml for every g of gel slice), melted 
at 50 °C for 10 minutes and then loaded into a QIAquick spin column. The column 
was centrifuged at 14,000 rpm for 1 minute, washed by adding 0.75 ml of Buffer PE, 
and spun again. The residual Buffer PE was removed by spinning at 14,000 rpm for 
another 1 minute. Then 30 μl of H2O was added to the column and incubated at room 
temperature for 2 minute. DNA fragment was eluted into a 1.5-ml centrifuge tube by 
centrifugation at 14,000 rpm for 1 minute.  
2.1.2 Recombinant DNA  
2.1.2.1 Restriction endonuclease digestion of DNA 
Restriction enzyme digestion was used to screen recombinant clones and release 
specific DNA fragments, which is the first step for DNA cloning and mapping. All the 
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restriction enzymes used in the study were purchased from New England Biolabs or 
Promega (USA). All digestions were performed at 37 °C or 25°C for 2 hours, with 
proper restriction buffers respectively. Normally 3 units of enzymes were used to 
digest 1 μg of plasmid DNA.   
2.1.2.2 DNA electrophoresis 
Typical DNA electrophoresis was performed in 1% agarose gel unless particular 
requirements indicated. The agarose powder was melt in 1XTAE (0.04 M Trisacetate; 
0.001 M EDTA) by heating. After the solution was cooled to 60 °C, ethidium bromide 
was added to a final concentration of 0.5 ug/ml before the agarose gel was casted. 
DNA samples were mixed with loading dye and loaded to the wells of the gel 
submerged in 1XTAE. Voltage of 1-5 v/cm was applied during the electrophoresis. 
The recovery of the DNA were performed as described in section  
2.1.2.3 Quantification of DNA by spectrophotometry  
DNA was quantified by optical density reading at 260 nm and 280 nm using 
UV-1601 spectrophotometer (Shimadzu, Japan). One unit of OD260 is equivalent to 
50 μg/ml of DNA.   
2.1.2.4 Ligation  
DNA ligation reaction was carried out typically in 20 μl of volume, containing 2 
μl of 10X ligation buffer (0.3 M Tris-HCl, pH 7.8; 0.1 M MgCl2; 0.1 M DTT and 5 
mM ATP), insert DNA, vector DNA and 1 unit T4 DNA ligase. The molar ratio of 
insert-to-vector DNA was usually 3:1 or 4:1. Ligation reaction was incubated at 4 °C 
overnight or 16°C for 4 hours.  
2.1.2.5 Transformation 
2.1.2.5.1 Preparation of competent cells 
For successful cloning, normally the competent cells should be well prepared 
Chapter 2 
 31
with a high efficiency of transformation (>107 colonies/1μg of supercoided plasmid). 
For the preparation of competent bacteria cells, 2 ml of LB broth was incubated with a 
single fresh colony of Escherichia coli strain DH5α at 37°C with 250 rpm shaking 
overnight. In the following morning, 0.5 ml of the culture was re-inoculated into a 
250 ml flask containing 50 ml of LB broth and shaken at 250 rpm at 37 °C until 
OD600 reached around 0.5. The culture was chilled on ice for 15 minutes after being 
transferred into 50 ml Falcon 2070 tubes. Cells were pelleted by centrifugation at 
1,000 g at 4 °C for 15 minutes. The cell pellets were drained thoroughly and 
resuspended in RF1 (100 mM RbCl; 50 mM MnCl2; 30 mM Potassium acetate; 10 
mM CaCl2 and 15% glycerol) with 1/3 volume of the original bacteria culture. After 
incubation on ice for 15 minutes, the cells were spun down and resuspended in 1/12.5 
of the original volume of RF2 (10 mM MOPS; 10 mM RbCl; 75 mM CaCl2; 15% 
glycerol). After another 15 minute-incubation on ice, the competent cells were 
transferred into 1.5-ml microcentrifuge tubes in aliquot (100 μl) and fast-frozen in 
liquid nitrogen. These aliquots can be stored at -80 °C for several months. 
2.1.2.5.2 Transformation 
The aliquotted competent cells were thawed on ice and the 2 μl out of 10 ul of 
ligation reaction was added and mixed by gentle pipetting. This mixture was then 
incubated on ice for 30 minutes. After being heated at 42 °C for 90 seconds, the tube 
was cooled immediately on ice for 2 minutes. 900 μl of LB medium was then added 
into the mixture. After being incubated at 37 °C for 45 minutes with shaking at 200 
rpm, 1/10 and 9/10 of the transformation reaction mixture was spread onto two 
separate LB plates supplemented with appropriate antibiotics in order to produce 
proper density of transformant colonies. The plates were incubated at 37 °C overnight.  
2.1.2.6 Colony screening 
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To detect trace amount of specific DNA molecules, PCR is the simple, fast and 
sensitive way. Thus, PCR was applied to screen for correct recombinant DNA directly 
using the bacteria colonies, as DNA was effectively released from bacteria cells under 
the repeated high temperature during PCR. One primer from the vector and another 
primer from the insert would determine the presence and orientation of insert by a 
PCR reaction. For PCR screening, colonies to be examined were marked in numerical 
order. A toothpick was used to touch the colony and the attached bacteria were spread 
to the bottom of a PCR tube, which was preloaded with 30 μl of PCR mixture, 
containing 0.6 units of Taq DNA polymerase, 3 μl of 10X PCR buffer, 1.5 μl of 2 mM 
dNTP mix and 0.3 μg of each sense and antisense primers. PCR program includes 
initial denaturation at 94 °C for 5 minutes, followed by 30 cycles of denaturation at 94 
°C for 30 seconds, annealing at 50 °C for 45 seconds and elongation at 72 °C for 2 
minutes. PCR product was examined in 1-1.5% agarose gel. Colonies that yielded 
PCR products with expected size were inoculated for plasmid DNA preparation. 
2.1.3 Polymerase chain reaction (PCR) 
2.1.3.1 Standard PCR 
Standard PCR was performed in a 50 μl reaction using the Perkin Elmer DNA 
thermal cycler Model 480 or 9600 (Perkin Elmer, USA). Each reaction included 5 μl 
of 10X PCR buffer (0.5 M KCl; 0.1 M Tris-HCl, pH 8.8; 15 mM MgCl2; 1% Triton 
X-100), 2.5 μl of 2 mM dNTP, 0.5 μl of 0.2 ug/μl sense primer, 0.5 μl of 0.2 ug/μl 
antisense primer, 0.2 μl of 5 U/μl Taq polymerase and 1 μl template DNA. A typical 
program was as follows: denaturation at 94 °C for 3 minutes for 1 cycle, followed by 
35 cycles of [denaturing at 94 °C for 30 seconds, annealing at 60 °C for 1 minute and 
extending at 72 °C for certain minutes based on 1 min/kb] and final extension at 72 




Table 2-1. Primers Used in Standard PCR 
Gene name Primer name Direction Sequence 
sst2 sst2F19bp Forward 5’AGCCTCTATGTCCTTCGTC3’ 
sst2 sst2R20bp Reverse 5’CTGCTGCTTCTTTAACTCAG3’ 
gcga gcga F1.5 Forward 5’CAGGTAAATCGGAGCTCGTG3’ 
gcga gcga R1.5 Reverse 5’ GGCCTCTTCTCCAACTTCTG 3’ 
fugu gcg fugu gcg F Forward 5’GTCCCAAATAGAGGCCAAGA 3’ 






















2.1.3.2 Reverse transcription PCR (RT-PCR) 
RT-PCR includes both cDNA systhesis and a standard PCR for desired DNA 
product. cDNA systhesis was performed as described in section 2.1.1.2. PCR reaction 
was carried out using the standard condition described in section 2.1.3.1. 
Alternatively, Qiagen® OneStep RT-PCR kit (Qiagen, USA) was applied to perform 
one step reaction by performing cDNA synthesis and following PCR together in one 
PCR tube using the following program: cDNA synthesis at 50°C for 30 mins; 
denaturation at 94°C for 15 min for 1 cycle followed by 25-35 cycles of [94°C for 45 
sec, 60°C for 45 sec and 72°C for 1 min] and final extension at 72°C for 10 mins. The 
annealing temperature and extension time were adjusted according to the primer 














Table 2-2. Primers Used in RT-PCR 
Gene name Primer name Direction Sequence 
rbp4 rbp4-F Forward 5’CAGAACGAGGTATCAAGGAA3’ 
rbp4 rbp4-R Reverse 5’GTCCTCATCCAGCTCTCTGC3’ 
rbp4 rbp4 MO-F1 Forward 5’CAGAACGAGGTATCAAGGAAC3’
rbp4 rbp4 MO-F2 Forward 5’GTAAGTCAACCAGTGTTTCC3’ 
rbp4 rbp4 MO-R1 Reverse 5’CGCGTCTGTATTTGCCCAGG3’ 
fn1 fn1-F Forward 5’ ACTGACTGCACTGCTGATGG 3’ 
fn1 fn1-R Reverse 5’ TGACGAAACTGCTTGAGGTG 3’ 
beta-actin β-actin-F Forward 5’CTTCCTTCCTGGGTATGGAATC3’
beta-actin β-actin-R Reverse 5’CGCCATACAGAGCAGAAGCCA3’
EF1a EF1a-F Forward 5’ CGCCCCTGCCAATGTAACCA 3’ 














2.1.3.3 Purification of PCR products 
Suitable PCR products were directly purified from the PCR mix. The purified 
products were used for various applications including cloning and ligation. QIAquick 
PCR purification kit was used to purify the PCR product. To begin with, 5X volume 
of Buffer PB was added to 1X volume of PCR sample. QIAquick spin column was 
placed in a collection tube. The buffer and PCR sample mix were placed in the spin 
column and centrifuged for 1 minute. The flow through was discarded. 0.75 ml of 
Buffer PE was added to the spin column and centrifuged for 1 minute. The flow 
through was discarded and centrifuged for additional 1 minute. The purified PCR 
product was then eluted with 20-30 μl of sterile water or TE buffer by incubating for 
1 minute and centrifuging for 1 minute. The purified DNA was stored at –20ºC until 
further use. 
2.1.3.4 PCR product sub-cloning 
The recovered PCR products were cloned into the pGEM＠ T Easy (Fig. 2-2) or 
pDrive vector system (Promega, USA) (Fig. 2-3). The pGEM＠ T Easy vector was 
prepared by cutting vector with EcoRV and adding a 3’ terminal thymidine to both 
ends by the manufacturer. These single 3’-T overhangs at the insertion site greatly 
improved the efficiency of ligation of PCR products into the plasmid because the Taq 
DNA polymerase generated a 3’ adenine overhang in the PCR products. The ligation 
reaction was performed as described in section 2.1.2.4. 
2.1.4 DNA sequencing reaction 
Automated sequencing reactions were carried out using the ABI 
PRISM™BigDye™ Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer, 
USA). The kit contained a sequencing enzyme AmpliTaq® DNA polymerase called 
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FS and a set of dye labeled terminators for fluorescent cycle sequencing of lager 
fragments with high accuracy. Each sequencing reaction (20 μl ) contained 8 μl  of 
Terminator Ready Reaction Mix, 200-500 ng of double strand DNA, and 1 μl  of 
primer (0.2 μg/μl ). PCR was performed on the GeneAmp PCR System 9600 (Perkin 
Elmer, USA) with 25 cycles of 96°C/10 seconds, 50°C/5 seconds and 60°C/4 minutes, 






















2.1.5 DNA vectors  
2.1.5.1 pBluescript SK(+/-) 
pBluescript SK (+/-) (Stratagene) is a high copy number colE1-based phagemid 
vector, which is suitable for cDNA library construction. Its multiple promoters on 
both sides of DNA insert facilitates RNA in vitro transcription, thus it is often used to 






Fig. 2-1 pBluescript SK (+/-) vector map (reproduced from www.stratagene.com) 
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2.1.5.2 pGEM®-T Easy  
The pGEM®-T Easy Vector (Promega) is a convenient system for cloning of 
PCR products. The pGEM® -T Easy Vector has been linearized with EcoRV and a 
thymidine (T) added to both 3' -ends, facilitating the ligation of PCR products. In 
addition, the system with the convenient EcoRI and NotI restriction enzyme sites 
flanking the insertion site, providing the options for removal of insert DNA with a 

















Fig. 2-2 pGEM-T Easy vector map (reproduced from www.promega.com) 
Chapter 2 
 40
2.1.5.3 pDrive  
The pDrive Vector (Qiangen) is another option for convenient cloning of PCR 
products. The pDrive Cloning Vector provides highly efficient cloning of PCR 
products through UA hybridization. Furthermore, pDrive Cloning Vector allows both 













pEGFP-1 (Clontech) encodes a red-shifted variant of wild-type green fluorescent 
protein GFP which has been optimized for brighter fluorescence and higher 
expression in mammalian cells. It is a promoterless vector that can be used to monitor 
transcription from different promoters and promoter/enhancer combinations inserted 
into the multiple cloning sites (MCS). It can be used as an in vivo reporter of gene 
expression. Without the addition of a functional promoter, this vector does not express 
EGFP. It functions well in both vertebrates and invertebrates.  









pDsRed-Express-1 (Clontech) encodes DsRed-Express, a variant of Discosoma 
sp. red fluorescent protein (DsRed;1). It has improved solubility of the protein and 
reduces the time from transfection to detection of red fluorescence. It is a 
promoterless vector that can be used to monitor transcription from different promoters 










2.1.5.6 DTA-mediated cell ablation 
The pElaA-DTA construct was prepared by ligating the 1,875- kb elaA promoter 
region to the DTA (diphtheria toxin A) gene at the HindIII and BamHI site of  pBS-
DTA construct (kind gift of Dr. S. Watanabe). The pIns-DTA construct was made by 
replacing the elaA promoter in the pElaA-DTA with the 900-bp ins promoter from the 
insulin-GFP reporter construct. The pSST2-DTA construct was made by replacing 
elaA promoter in the pElaA-DTA with the 2,467-bp sst2 promoter from this study. All 
the pElaA-DTA, pIns-DTA and pSST2-DTA plasmids were injected in a supercoiled 
form into 1 cell stage zebrafish embryos. 
2.2. RNA applications 
2.2.1 Isolation of total RNA 
2.2.1.1 Isolation of total RNA from zebrafish embryos 
Total RNA was isolated from dechorionated zebrafish embryos using RNeasy® 
mini kit (Qiagen, Germany). Samples were first lysed and homogenized in denaturing 
guanidine isothiocyanate (GITC) containing buffer which inactivates RNases and thus 
ensure isolation of intact RNA. Ethanol was added to the lysate to provide appropriate 
binding condition and then applied to RNeasy mini column for further purification. 
The zebrafish embryos were collected at desired stages and placed in 1.5 ml 
Eppendorf tube. Excess liquid was siphoned out from the tube. 350 μl of RLT buffer 
was added into the tube and the embryos were homogenized. The lysate was then 
spun down at 14,000 rpm, RT, for 3 mins. The supernatant was decanted into a sterile 
1.5 ml Eppendorf tube. 350 μl of 70% ethanol was added into the clear lysate and 
mixed well. This mixture was transferred to an RNeasy mini spin column sitting in a 
2- ml collection tube. The column was then spun at 10,000 rpm for 15 sec. The flow 
through was discarded. 350 μl of RW1 buffer was pipetted into the RNeasy column to 
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wash, the column was centrifuged at 10,000 rpm for 15 sec. The flow through was 
discarded. 80 μl of RNase-free DNAse (Qiagen, Germany) incubation mix was then 
added directly onto the RNeasy silica-gel membrane and allowed to stand at room 
temperature for 15 mins. Then, another 350 μl RW1 buffer was added into the 
RNeasy column and spun down at 10,000 rpm for 15 sec. The flow through was 
discarded. 500 μl of RPE buffer was pipetted on the column and spun down at 10,000 
rpm for 15 sec. The flow through was discarded and the washing step was repeated 
with another 500 μl of RPE buffer. The column was then spun at 10,000 rpm and for 
2 mins and the flow through discarded. The column was then spun down for an 
additional 1 min to remove any residual trace of ethanol. Column was then transferred 
to a sterile 1.5 ml Eppendorf tube. Total RNA was eluted by the addition of 40 μl of 
RNase-free water onto the RNeasy membrane and spun for 2 mins. The RNA was 
then quantified by optical density reading using the spectrophotometer (UV-1601, 
Shimadzu, Japan). 
2.2.1.2 Measurement of RNA concentration 
RNA was quantified by optical density reading at 260 nm and 280 nm using UV- 
1601 spectrophotometer (Shimadzu, Japan). One unit of OD260 is equivalent to 40 
ug/ml of RNA, OD260:OD280 ratios >2.0 indicate good quality of RNA products.  
2.2.1.3 RNA gel electrophoresis 
10 μg of total RNA was fractionated on 1.2% denaturing agarose gel (1.2% 
agarose; 1X MOPS; 6% formaldehyde). Each RNA sample contained 50% formamide; 
1X MOPS; 7% formaldehyde; 0.1 mg/ml ethidium bromide; and was heated at 65°C 
for 10 minutes before loading with loading buffer (1X=0.4% bromophenol blue; 6% 
sucrose in water). The gel was run at 80 volts in running buffer containing 1X MOPS 
and 3% formaldehyde until the dye near the end. After electrophoresis, the gel was 
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rinsed in distilled water and a picture was taken with a ruler to show the distance 
among the bands. 
2.3 Expression Analysis 
2.3.1 Zebrafish 
2.3.1.1 Fish maintenance 
Wild-type zebrafish (Danio rerio) were purchased from a local pet store, while 
different mutants of zebrafish were obtained from multiple resources (such as labs of 
collaboration). The fish were maintained basically according to the method described 
by Westerfield (2000) and in compliance with Institutional Animal Care and Use 
Committee (IACUC) guidelines. Normally, fish were fed twice per day with flakes 
(Aquori, USA). During the spawning period, the fish were fed with brine shrimps 
(World Aquafeeds, USA) and were kept under the photoperiod cycle set at 14 hours 
of day (light) and 10 hours for night (dark). In the day before embryo collection, the 
bottom of fish tank was covered with clean marbles. Embryos were collected by 
siphoning with a plastic pipe in the next morning. 
2.3.1.2 Mutant lines of zebrafish 
Embryos from mutant fish lines were obtained from fishes maintained and 
established at the Institute of Molecular and Cell Biology, Singapore. The embryos 
from the mutant lines of fishes were collected in the same way as that of the wild type. 
The required developmental stages were presented as hours post-fertilization (hpf).  
2.3.2 Microinjection 
2.3.2.1 Microinjection into 1-cell stage 
The samples for injection were prepared to different concentrations in respective 
buffers. Morpholino antisense RNAs were prepared in 1X Danieau solution (58 mM 
NaCl; 0.7 mM KCl; 0.4 mM MgSO4; 0.6 mM Ca(NO3)2; 5.0 mM pH 7.6 HEPES). 
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Sense RNAs were prepared in sterile filtered water to required concentrations. The 
needles used for the microinjection were prepared using optimized conditions of heat 
and pull time for different purposes using the Sutter Micropipette puller P-97 (Sutter 
Instruments Co, USA). The conditions for normal injections into 1-2 cell embryos 
used were Pressure-500, heat-500/550, pull-150/150, velocity-100/100 and time-
150/150. RNAs and antisense oligos were injected into the cytoplasm of 1-2 cell stage 
zebrafish embryos using Picoinjector PLI-100 (Medical Systems Corp, Greenvale, 
NY, USA) by placing the embryos under a dissection microscope (Olympus SZX12). 
Each embryo received a specific volume of the samples depending on the 
concentration of the sample. The injected embryos were reared in egg water (1 ml of 
egg water contains 10% NaCl, 0.3% KCl, 0.4% CaCl2, 1.63% MgSO4.7H2O, 0.01% 
methylene blue, and 95 ml ddH2O). 
2.3.2.2 Microinjection into YSL at 4 hpf stage 
Microinjection of MO into YSL was performed at 4 hpf stage. The embryos 
were mounted at proper orientation into pre-made 3% agar wells with egg water 
(0.3% sea salt, Red Sea brand). The tip of a microinjection pipette was positioned at 
the blastoderm margin area close to the junction of blastomeres and the yolk. 0.5-1.0 
nl of solution containing a defined dose of morpholino and fluorescent marker 
(Fluorescein or Texas Red labelled 70 kDa dextran) was injected into wild type (AB 
strain) or Tg(ins:gfp) embryos. Usually over 90% of injected embryos showed evenly 
distributed fluorescent dye in the YSL and these embryos were used for further 
analyses.  
2.3.3 Anti-sense morpholino design 
 Anti-sense oligos or morpholinos have become an attractive method to 
specifically block gene function (Nasevicius and Ekker, 2000; Summerton and Weller 
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1997). Morpholino oligos are short chains of Morpholino subunits comprised of a 
nucleic acid base, a morpholine ring and a non-ionic phosphorodiamidate intersubunit 
linkage. Morpholinos act via a steric block mechanism (RNAse H-independent) and 
with their high mRNA binding affinity and exquisite specificity they yield reliable 
and predictable results. Design of an efficient antisense Morpholino requires careful 
consideration of several criteria as follows.  
1) Select a target sequence in the post-spliced mRNA in the region from the 5' 
cap to 25 bases 3' to the AUG translational start site. 
2) It is important to ensure that the selected sequence has little or no self-
complementarity. Preferably the selected Morpholino oligo should form no more than 
4 contiguous intrastrand base pairs. In some cases, 4 contiguous base-pairs can be 
detrimental to achieving good antisense inhibition if the resulting pairing is between 
all G and C residues. 
3) The antisense oligonucleotide may show reduced water solubility if it 
contains more than 7 total guanines or more than 3 contiguous guanines in a 25-mer 
oligo. 
4) 25-mers (the longest commercially available) are recommended for most 
applications. This is because efficacy increases substantially with increasing length 
and because long oligos best assure access to a single-stranded region in the target 
RNA, as is required for nucleation of pairing by the oligo. 
5) In terms of composition and sequence motifs, an optimal splice-blocking 
oligo has the same properties described above for a translation-blocking oligo. 
However, splice-blocking oligos have additional target-specific requirements, the 
most important of which is a defined pre-mRNA sequence with a minimum of 3 
exons and explicitly known exon-intron and intron-exon boundaries. 
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6) For control Morpholinos, 4-5 base changes in the experimental design 
Morpholino is sufficient to eliminate specific binding activity.  
MOs were resuspended from lyophilized powder and then diluted to 1 mM stock 
in 1X Danieau’s solution. The MOs were diluted to the appropriate concentration 
before they were injected into embryos using a nanoinjecter (World Precision 























Table 2-3. A List of Morpholinos (MO) Used in This Study. 
Gene name MO name Sequence Targeted region
rbp4 Spl-MO 5’ GTTGACTTACCCTCGTTCTGTTAAA 3’ Intron 2 
rbp4 ATG-MO 5’ GAGCCTTAACATACTGCCTCTGTGC 3’ ATG 
rbp4 Mis-MO 5’ GTTcACTTAgCgTCcTTCTcTTAAA 3’ Intron 2 
 
























2.3.4 Whole mount in situ hybridization on zebrafish embryos 
2.3.4.1 Synthesis of labeled RNA probe 
2.3.4.1.1 Linearization of plasmid DNA 
5μg of plasmid DNA was linearized at the 5’ end of the cDNA insert with a 
proper restriction enzyme at 37°C for 2 hours (Section 2.1.2.1). Completion of 
linearization was confirmed by running the digestion product on 1% agarose gel. 
After confirmation, the linearized fragment was purified by phenol: chloroform 
precipitation. The total volume of digestion mix was made up to 100 μl and equal 
volume of 1:1 phenol:chloroform was added. This was followed by centrifugation at 
14,000 rpm for 5 minutes at room temperature. The top layer was removed to a fresh 
tube and 1/10th 1M Sodium acetate and 2X volume of cold absolute ethanol was 
added. This mix was incubated on ice for 30-45 minutes and centrifuged for 30-45 
minutes. The supernatant was carefully discarded without disturbing the pellet. The 
pellet was washed with 75% ethanol and spun for 5 minutes at 14,000 rpm. The pellet 
was then resuspended in 50-100 μl of sterile water or TE buffer for further use. If 
necessary, the purified DNA might be further visualized by running on a 1% agarose 
gel and quantitated by spectrophotometry. 
2.3.4.1.2 Probe incubation and precipitation 
1 μg of linearized DNA was used to synthesize the DIG/Fluorescein probe. The 
reaction was performed at 37°C for 2 hours in a total volume of 20 μl containing 4 μl 
of 5X transcription buffer (Stratagene, USA), 2 μl of DIG/Fluorescein-NTP mix [10 
mM ATP, 10 mM CTP, 10 mM GTP, 6.5 mM UTP and 3.5 mM DIG/Fluorescein-
UTP (Boehringer Mannheim, Germany)], 1 μl of RNase inhibitor (40 U/μl) (Promega, 
USA) and 1 μl of proper RNA polymerase (50 U/μl) (Promega, USA). Following the 
reaction, 2 μl of RNase-free DNase I was used to digest the DNA template at 37°C for 
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15 minutes. 1 μl of 0.5 M EDTA (pH 8.0) was used to stop the restriction digestion. 
Subsequently, 2.5 μl of 4 M LiCl and 75 μl of cold pure ethanol were added to 
precipitate the RNA. After washing with 75% ethanol, the RNA probe was 
resuspended in 60 μl of DEPC treated water and cleaned using a Chroma Spin-100 
DEPC H2O Column (Clontech, USA) by centrifuging at 700 g for 5 minutes to 
remove the impurity and small RNA fragments. 
2.3.4.1.3 Quantification of labeled probe 
The labeled probe was quantified visually by Gel Electrophoresis and 
quantitated using spectrophotometric analysis at OD260/280 nm. 
2.3.4.2 Preparation of zebrafish embryos 
2.3.4.2.1 Embryo collection and fixation 
All zebrafish embryos used in this study were staged according to the Zebrafish 
Book (Westerfield, 2000) and indicated as hours post fertilization (hpf) at 28.5°C. 
Staged embryos were fixed in 4% paraformaldehyde (PFA)/PBS (0.8% NaCl, 0.02% 
KCl, 0.0144% Na2HPO4. 0.024% KH2PO4, pH 7.4) for 12 to 24 hours at room 
temperature or 4°C. Embryos younger than 16 hpf were fixed before dechorionization 
and the chorion was removed afterwards. Embryos older than 16 hpf were 
dechorionated before fixation. Older embryos with tails were hibernated on ice before 
fixation to prevent the curling of tails. After fixation, the embryos were washed in 
PBST (0.1% Tween20 in PBS) twice for 1 minute each, followed by four times for 20 
minutes each on a nutator (ClAY ADAMS® Brand, Becton Dockinson, USA) at 
room temperature. After changing PBST to methanol, the embryos were kept at -20°C 
for several months. Before they were used for in situ hybridization, the embryos were 




2.3.4.2.2 Use of Anesthetic to View Embryos 
When viewing live embryos after 19 hpf, the embryos may twitch or move and 
affect the process of imaging. Anesthetic was used to facilitate embryo manipulation. 
Briefly, 400 mg of Tricaine (3-amino benzoic acidethylester) (Sigma, USA) powder 
was dissolved in 97.9 ml of sterile water and the pH was adjusted to 7 using Tris pH 
8.0. Usually, 5 μl of this solution was added in a Petri dish with selected embryos and 
after a few seconds, the embryos could be transferred for viewing.  
2.3.4.2.3 Proteinase K treatment 
This step is especially necessary for embryos older than 14 somites (>16 hpf). 
Embryos were treated with 10 μg/ml of proteinase K in PBST at room temperature. 
The time of exposure depended upon embryos age and the specific activity of 
proteinase K, which varied from batch to batch. For most cases, the conditions used 
are as below.  
16-24 hpf  embryos, 3-4 minutes  
24-32 hpf  embryos, 5-6 minutes  
32-50 hpf  embryos, 10-20 minutes 
To stop the reaction, the proteinase K solution was removed completely, and the 
embryos were fixed again in 4% PFA/PBS for 20 minutes at room temperature. 
Embryos were first washed in PBST twice for 1 minute and then 4-5 times for 15-20 
minutes each. 
2.3.4.2.4 Prehybridization 
Prehybridization was performed by replacing half the volume of washing 
solution with hybridization buffer [50% formamide, 5X SSC, 50 μg/ml Heparine, 500 
μg/ml tRNA, 0.1% 0.1% Tween.20, pH6.0 (adjusted bycitric acid)] and incubated at 
room temperature for 1 hour. This solution was removed and replaced with 
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hybridization buffer; embryos were incubated at 68°C for 5-10 hours.  
2.3.4.3 Hybridization 
1-2 μl of DIG-labeled probe was diluted in 200 μl of hybridization buffer. The 
probe was denatured by heating at 80°C for 5 minutes followed by 2 minutes of ice 
bath. Embryos of different stages or treatments were selected and placed in one tube 
or separate tubes depending on the experimental conditions. The original buffer was 
replaced with the denatured probe dissolved in hybridization buffer. Hybridization 
was performed at 68°C in a circulating water bath overnight with shaking. 
2.3.4.4 Post-Hybridization washes 
The next day, the probe was removed and replaced with prewarmed 100% 
hybridization wash solution (hybridization buffer without tRNA and heparine) for 15 
minutes. The embryos were then washed in the following order of wash solutions, 15-
20 min each: 75% hybridization wash solution, 25% 2X SSCT (SSC with 0.1% 
Tween.20); 50% hybridization wash solution, 50% 2X SSCT; 25% hybridization 
wash solution, 75% 2X SSCT. This was followed by 2X SSCT wash twice for 30-45 
minutes each and 0.2X SSCT wash twice for 30-45 minutes each. Subsequently, the 
embryos were washed twice with PBST (PBS with 0.1% Tween20) at room 
temperature for 5 minutes each. 
2.3.4.5 Antibody incubation 
2.3.4.5.1 Preparation of pre-absorbed DIG 
Commercial DIG-AP antibodies (Boehringer) should be preincubated with 
biological tissues, preferably of the same origin as the sample used for hybridization, 
in order to decrease the staining background and increase signal-to-noise ratio. Thus, 
anti-DIG and Fluorescein-AP was diluted to 1:500 and 1:50 in Maleic Acid buffer 
(0.15M Maleic acid, 0.1M Nacl; pH 7.5)/10% FCS (Fetal calf serum, Gibco BRL) 
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respectively and incubated with 50 zebrafish embryos of any stages on a nutator at 
4°C overnight. After that, the antibody solution was transferred to a new tube and 
diluted to 1:5000 and 1:500 with Maleic Acid buffer/10% FCS. 10 μl of 0.5 M EDTA 
(pH 8.0) and 5 μl of 10% sodium azide were added to prevent bacterial growth. The 
preabsorbed antibody was stored at 4°C and can be used for many times. 
2.3.4.5.2 Incubation with pre-absorbed antibodies 
The embryos after hybridization and post hybridization washes were incubated 
in Maleic Acid buffer/10% FCS for 2 hours at room temperature to block non-specific 
binding sites for antibody. After removing the blocking solution, the embryos were 
incubated with preabsorbed anti-DIG-AP antibody at 4°C overnight. 
2.3.4.6 Color development 
Embryos were washed in PBST twice for 1 minute each, and 4 times for 15-20 
minutes each on a nutator at room temperature followed by washing in buffer 9.5 
(0.1M Tris-HCl, pH9.5, 50mM MgCl2, 10mM NaCl and 0.1% Tween.20) once for 30 
seconds and twice for 10 minutes each. 4.5 μl of NBT (Nitroblue tetrazolium, 
Boehringer Mannheim, 50 mg/ml in 70% dimethyl formamide) and 3.5 μl of BCIP (5-
bromo, 4-chloro, 3-indodyl phosphate salt, Boehringer Mannheim, Germany; 
50mg/ml in H2O) was added into 1 ml of buffer 9.5 (PH 9.5) with embryos and mixed 
thoroughly. Embryos were kept in dark at room temperature for few minutes to 
several hours, and the progress of staining was monitored from time to time under a 
Leica MZ12 microscope (Leica, Germany). To stop the reaction, staining solution was 
removed and the embryos were washed in 1X PBST twice for 10 minutes each. 
Embryos can be preserved in 4% PFA/PBS at 4°C.  
2.3.4.7 Two-color whole mount in situ hybridization  
In two-color whole mount in situ hybridization, two distinct RNA probes labeled 
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with DIG and Fluorescein, respectively, were applied to the same embryos. 
Fluorescein labeling was performed following the same procedure as in DIG labeling, 
however, by using Fluorescein-UTP instead of DIG-UTP. For hybridization, two 
probes were added to the same tube in a ratio of 2:1 Fluorescein to DIG (for that 
Fluorescein is less sensitive to be detected than DIG). After incubation at 68ºC for 
overnight, the extra probes were removed by washing in 2XSSCT (2XSSC+0.1% 
Tween®20) at 68ºC for 2 hours, followed by another wash in 0.2XSSCT 
(0.2XSSC+0.1% Tween®20) at 68ºC for 2 hours. The DIG detection was first carried 
out as described in the previous sections (see 2.3.4.6). Following the DIG staining 
with NBT/BCIP, the embryos were washed with MA buffer (0.15 M Maleic acid; 0.1 
M NaCl; pH7.5) twice for 10 minutes each. To remove the phosphatase ability of first 
antibody, the embryos were incubated with 0.1 M glycine, pH 2.2 for 30 minutes at 
room temperature. After that, the embryos were washed in PBST four times for 10 
minutes each and then incubated in blocking buffer (5% Blocking Reagent in MA 
buffer, Boehringer Mannheim, Germany) for 2 hours at room temperature. 
Subsequently, embryos were incubated with Anti-Fluorescein-AP antibody at 4ºC for 
overnight. To detect the fluorescein signal, the embryos were first washed with MA 
buffer 4 times for 1 hour each, followed by wash with Buffer 8.2 (0.1 M Tris-HCl, 
pH8.2; 50 mM MgCl2; 10 mM NaCl and 0.1% Tween®20) three times for 5 minutes 
each at room temperature. Embryos were then stained in staining buffer, a 1:1 mixture 
of Fast Red solution [by dissolving ½ Fast Red tablet (Boehringer Mannheim, 
Germany) in 1 ml Buffer 8.2 and transferring the supernatant to a new tube after 
spinning and NAMP solution [a 1:100 dilution of NAMP stock (50 mg/ml Naphthol 
As-MX, Sigma, USA) in Buffer 8.2], for 1-3 hours. The stained embryos were 
washed in PBST twice for 10 minutes each and can be stored in 4% PFA/PBS for 
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several months.  
2.3.5 Immunohistochemical staining 
2.3.5.1 Primary antibody incubation 
To improve the penetration of antibodies, 4% PFA/PBS fixed embryos were 
treated with cold acetone (-20ºC, to remove lipids from cell membrane) for 8 minutes 
followed by washes with deionised water once and PBS three times for 10 minutes 
each. To block non-specific sites, embryos were incubated in 10% FCS/PBST for 2 
hours at room temperature. The embryos were then incubated with 1:200 dilution of 
monoclonal mouse anti-GFP antibody (Roche) in 10% FCS/PBST at 4 ºC for 
overnight  
2.3.5.2 Secondary antibody incubation 
After removing the primary antibody, embryos were washed in PBST briefly for 
2 times and additional 4 times for 30 minutes each. The embryos were then incubated 
with Alexa Fluor 488 F(ab')2 fragment of goat anti-mouse IgG or Alexa Fluor 594 
F(ab')2 fragment of goat anti-mouse IgG (Invitrogene) secondary antibodies (1:500) 
for overnight at 4ºC or 2-3 hours at RT (avoiding light).  
2.3.5.3 Detection 
To detect the signal of secondary antibody labeled with fluorescent Alexa 
Fluor dye, the embryos were monitored under a fluorescence dissection microscope. 
Alexa Fluor 488 was observed under a blue filter (450-490 nm), and Alexa Fluor 594 
was observed under a yellow filter (546 nm). To stop the reaction, embryos were 
washed in PBST for 3-4 times 10 minutes each and then mounted in 50% 
glycerol/PBS.  
2.3.6 Cryostat section 
Fixed or stained embryos or tissues were first transferred into molten 1.5% 
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bactoagar/ 5%sucrose in a detached cap of eppendorf tube at 48°C. Needles were used 
to adjust samples in desired orientation in the slowly hardening agar. After the agar 
block solidified, a small block was cut with razor to mount the sample in proper 
position. The block was then transferred into 30% sucrose solution and incubated at 
4°C overnight. Subsequently, the block was placed on the frozen surface of a layer of 
tissue freezing medium cryostat (Reichert-Jung, Germany) on the prechilled tissue 
holder. The block was then coated with one drop of cryostat and frozen in liquid 
nitrogen until the block was solidified completely. The frozen block was placed into a 
cryostat chamber (Reichert-Jung, Germany) for 30 minutes to be equilibrated with 
chamber temperature of -25°C. Normally, ten-micron-thick sections were made and 
placed on Superfrost Plus slides (Fisher, USA). The slides were dried on a 42°C hot 
plate for about 30 minutes. The sections were fixed briefly with 4% PFA/PBS for 10 
minutes and washed 3 times in PBS for 5 minutes each. Afterwards, the sections were 
processed for further procedures and/or embedded in several drops of glycerol and 
covered with cover slip for observation. 
2.3.7 Double staining with mRNA probe and immunohistochemical staining  
After embryos were fixed as WISH, they were washed and treated with ProK (if 
necessary) and followed with cold acetone (-20ºC, to remove lipids from cell 
membrane). Then they were washed with PBST and incubated for prehybridization. 
Either mRNA probe staining or immunohistochemical staining could be done first.  
2.3.8 DAPI staining 
Some sections were further analyzed by staining with 1.5 ml of diluted 3.5 μM 
DAPI (4’, 6-diamidine-2-phenylidole-dihydrochloride) and incubated in the dark for 
20 mins. The slides were then tilted to remove the staining solution and washed with 




2.3.9 Mounting and photography 
Selected embryos were washed with PBST twice for 10 minutes each and 
transferred to 50% glycerol/PBS, equilibrated at room temperature for several hours. 
For whole mounts, a single chamber was made by placing stacks of 3-5 small cover 
glasses on both side of a 25.4X76.2 mm microscope slide. Small cover glasses in the 
stacks were stuck in 1 hour after placing a drop of Permount between them. Selected 
embryo was transferred to the chamber in a small drop of 50% glycerol/PBS and 
oriented by a needle. A 22X44 mm cover glass with a small drop of the same buffer 
was superimposed onto the embryo. The orientation of the embryo was adjusted by 
gently moving the cover glass. For flat specimen, the yolk of selected embryo was 
removed completely by needles. The embryo without yolk was then placed onto a 
slide with a small drop of 50% glycerol/PBS and adjusted to a proper orientation by 
removing excess of liquid and with the help of needles. A small fragment of cover 
glass (a bit larger than the specimen) was covered onto the embryo. Care was taken to 
avoid bubbles and a drop of 50% glycerol/PBS was added to fill the space under the 
cover glass. This specimen was sealed with nail polish along the edge of the cover 
glass to prevent it from drying. Photographs were taken using a camera mounted to an 
Olympus AX-70 microscope (Olympus, Japan). The films used were Kodak Gold 200 
and 400 ASA. 
2.3.10 Confocal microscopy and imaging of living embryos after anesthetizing 
EGFP expression in Tg(sst2:gfp) transgenic embryos was monitored under a 
Leica MZ FLIII stereomicroscope equipped for UV epifluorescence viewing. Living 
embryos after 18 hpf were anesthetized to facilitate manipulation of embryo position. 
400 mg of Tricaine (3-amino benzoic acidethylester) (Sigma, USA) powder was 
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dissolved in 97.9 ml of sterile water and the pH was adjusted to 7 using Tris pH 8.0. 
Usually, 5 μl of this solution was added in a Petri dish with selected embryos and 
after a few seconds, the embryos could be transferred for viewing. A viewing 
chamber was made by cutting a 12.5 mm diameter hole at the bottom of a 35 mm 
plastic petri dish and placing a coverslip outside to cover the hole. The coverslip was 
secured to the base of the petri dish using clear adhesive. 0.8% agarose was poured 
into the chamber and cut glass micro-capillaries of 0.8 cm were placed into the 
agarose to make lined spaces. Confocal images were acquired using Zeiss LSM510 
scanning laser (Carl Zeiss Inc., Germany) using 488 nm excitation and 510-550 nm 
band-pass filters. Serial optical sections were taken at desired intervals using a 10X or 
25X Plan-Neofluar 0.3 objective. Raw image collection and processing were 
performed using the LSM510 Software (Carl Zeiss Inc., Germany). Combined images 
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Role of zebrafish retinol binding 








The liver is an important endodermal organ, which exerts both endocrine and 
exocrine functions. Many studies have revealed that the molecular mechanisms of 
liver development are conserved in vertebrates (Duncan 2003; Lemaigre and Zaret 
2004; Zaret 2002). Furthermore, cell fate mapping experiments in zebrafish, frog and 
mouse have also indicated that the liver arises, at least in part, from different groups 
of endodermal cells found initially in bilateral regions on both sides of the midline 
(Chalmers and Slack 2000; Warga and Nusslein-Volhard 1999; Tremblay and Zaret 
2005). Despite this progress the mechanism of liver bud formation in zebrafish is not 
fully understood. According to one hypothesis based to a large extent on observations 
of gutGFP transgenic zebrafish, the early endoderm forms as an endodermal rod, 
which starts to bud and gives rise to several primordia including the liver primordium 
which grows mainly due to cell proliferation within the primordium (Field et al., 2003; 
reviewed in Ober et al., 2003). A conflicting view based on analysis of different 
molecular markers implies that whereas the digestive anlagen of amniotes arise from a 
primitive gut tube, the zebrafish digestive system is assembled from individual organ 
anlage (Wallace and Pack 2003).  
The YSL is an extra-embryonic structure and it forms at the stage of mid-
blastula transition (MBT) in teleosts (Kimmel and Law 1985; Kane and Kimmel 
1993). The YSL performs several early developmental functions such as yolk 
metabolism, nutrient transport (Donovan et al., 2000), utilization of maternally stored 
morphogenetic substances including retinoids (Lampert et al., 2003; Isken et al., 
2007), and epiboly movement (Trinkaus 1993). It also plays a morphogenetic role 
during gastrulation in induction and patterning of mesoderm, endoderm and dorsal 
structures (Mizuno et al., 1999a; Mizuno et al., 1999b; Ober and Schulte-Merker 1999; 
Jesuthasan and Stahle 1997; Fekany et al., 1999; Rodaway et al., 1999; Chen and 
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Kimelman 2000). However, there is little information on the function of the YSL after 
epiboly is completed. Recently it has been reported that the YSL-specific factor Mtx1 
plays a role in migration of myocardial precursor cells and knockdown of Mtx1 in the 
YSL resulted in cardia bifida and duplication of liver and pancreatic buds. Based on 
these results it has been proposed that the YSL regulates migration of endodermal 
cells(Sakaguchi et al., 2006).  
Rbp4 is produced in the adult liver and functions as a specific transporter of 
retinol in vertebrate plasma. Expression of rbp4 has been studied in several model 
animals. During embryonic development of rodents it is expressed only in the visceral 
extra-embryonic endoderm of the yolk sac, suggesting that Rbp4 may play roles in 
mediating retinol transfer from maternal blood to the developing fetus (Soprano et al., 
1986; Johansson et al., 1997). Similar expression has also been reported in chick 
(Barron et al., 1998). In zebrafish, rbp4 has been reported to be expressed in the YSL, 
hypochord (Sumanas et al., 2005) and skin (Tingaud-Sequeira et al., 2006). Except for 
delivering retinol from liver to other tissues, recently, rbp4 was linked to type 2 
diabetes in adult mice (Yang et al., 2005). However, very little is known about 
regulation of rbp4 expression and its role during early development.  
In this chapter, expression pattern and function of rbp4 in the YSL will be 
studied. Different stages and molecular markers will be examined to elucidate the 
function of YSL expressing rbp4 on zebrafish liver bud formation.  
3.1 Spatial and temporal expression of rbp4 gene during embryogenesis 
3.1.1 Sequence analyses of rbp4 cDNA  
The cDNA clone coding for zebrafish rbp4 (A10) from our EST collection 
(Gong et al., 1997) was selected because our preliminary screening found that this 
gene was expressed in a restricted region on the yolk surface during early 
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development and was enriched in adult liver. Thus it was sequenced completely and 
its expression and function was investigated in the following study. The A10 clone 
contains an insert of 833 bp, comprising a complete coding region of 192 amino acid 
residues. The complete sequence was submitted to GenBank (acc. no. EF373650) and 
it was almost identical (99.5%) to a sequence previously available (GenBank 
AJ236884, Tingaud-Sequeira et al., 2006). By searching for conserved protein 
domains in the NCBI website (www.ncbi.nlm.nih.gov), one conserved lipocalin 
domain was found in the putative Rbp4. The conservation of amino acid residues in 
Rbp4s between zebrafish and several other species ranged from 47.5% to 72.2%. The 
lipocalin domain showed higher percentage of conservation of amino acid residues 
between zebrafish and these species (from 61.2% to 82.7%), suggesting importance of 
evolutionary conservation of this functional domain (Fig. 3-1). 
3.1.2 Temporal expression of rbp4 gene from fertilization onwards 
To investigate the temporal expression pattern of rbp4 in early development, 
rbp4 transcripts were analyzed by RT-PCR from fertilized eggs to 14 hpf. We found 
that rbp4 transcripts were of maternal origin and the zygotic expression of rbp4 
increased from 6 hpf to reach its peak by 12 hpf (Fig. 3-2A).  
3.1.3 Spatial expression of rbp4 gene 
To further investigate the pattern of rbp4 expression in zebrafish embryos, whole 
mount in situ hybridization (WISH) was carried out. Transcripts of rbp4 were 
detected from 12 hpf on the yolk surface anterior to the head. This expression domain 
was confined to the ventro-lateral yolk cell (Fig. 3-2B and C). At 16 hpf, rbp4 
expression increased and expanded posteriorly but remained confined to the ventro-
lateral yolk cell (Fig. 3-2D). To define this expression domain in detail, two-colour 
WISH using ctsL (cathepsinL, Vogel and Gerster 1997) and rbp4 probes was 
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performed at 16 hpf. ctsL was expressed in the hatching gland mesoderm around the 
head as expected, while the anterior end of the rbp4 expression domain was found to 
spread under the head (Fig. 3-2D). A cross section indicated that ctsL and rbp4 were 
expressed in different layers of tissue (Fig. 3-2E and G). DAPI staining clearly 
revealed that the enlarged nuclei, characteristic of the YSL, were surrounded by rbp4 
transcripts (Fig. 3-2F and F’), while the superficial cellular layer or the enveloping 
layer was free of rbp4 transcripts. Thus, the expression of rbp4 on the surface of the 
yolk cell was probably confined to the YSL. To the best of our knowledge this is the 



















Fig. 3-1 Sequence alignment of zebrafish, carp, rainbow trout, xenopus, chick, 
rabbit, mouse and human Rbp4s. The names of species are listed on the left and the 
position numbers of amino acid residues are listed on the right. Dots represent gaps 
inserted for maximal alignment. The identical amino acid residues are labeled with 
dark blue and underlined; the consensus sequences are presented in the last line of 





Figure 3-2 Expression of rbp4 mRNA during early zebrafish embryogenesis. (A) 
RT-PCR analysis of rbp4 mRNA in wild-type embryos from 1 hpf to 14 hpf. β-actin 
was used as loading control. M, 100 bp DNA marker. (B ,C) Ventral (B) and lateral 
(C) view of 12 hpf embryos with rbp4 expression as detected by WISH. (D) Ventral 
view of 16 hpf embryos with expression of ctsL (red) and rbp4 (blue) as detected by 
two-colour WISH. (E) Cross section of the two color hybridized embyos in (D) as 
indicated by the dashed line. (F, F’) Magnified view of boxed region F in Panel (E). F, 
bright field. F’, compound image of DIC/fluorescence reveals rbp4 expression and 
position of nuclei detected by DAPI staining. Arrows indicate YSL nuclei. (G), 





At 24 hpf, rbp4 expression in the YSL is restricted to its posterior part including 
that in the yolk cell extension (YCE). This expression pattern remained unchanged at 
least until 48 hpf (Fig.3-3A and B). Later the expression spread anteriorly but 
remained excluded from the pericardium (Fig.3-3C). By 4 dpf, rbp4 expression was 
detected in the liver (Fig 3-2C). By 8 dpf the liver became the only tissue with 
detectable rbp4 expression (Fig.3-3D). 
Thus, in addition to that shown in earlier reports (Sumanas et al., 2005; Tingaud-
Sequeira et al., 2006), our analysis revealed novel elements of rbp4 expression that it 
is present as a maternal transcript, its expression in the YSL is regionalized and 
dynamic.  
3.2 Regulation of rbp4 gene expression 
3.2.1 rbp4 gene expression pattern in YSL changed in mutants belonging to 
Nodal and Hedgehog (Hh) signaling pathway 
To understand the developmental mechanism controlling the unusual spatial 
expression pattern of rbp4 in the YSL, the expression pattern of this gene in several 
mutants affecting various aspects of early endoderm development was analyzed. In 
mutants affecting Nodal signalling (cyc-/- and oep-/-) (Fig.3-3E and F), rbp4 expression 
expanded anteriorly and covered the whole yolk. Similar changes of expression 
pattern were also observed in mutants that affected components of the Hh signalling 
pathway, smu-/- (Fig.3-3 G), syu-/- (Fig.3-3 H). As the restricted expression pattern of 
rbp4 was lost at 48 hpf in these mutants, it is likely that the early expression pattern of 
rbp4 in the YSL is under negative regulation of the Nodal and Hh signaling pathways, 
which prevent the rbp4 expression in the anterior and dorsal YSL.  
Analyses of embryos of two mutant lines with defects in formation of axial 
mesoderm, spt-/- and ntl-/-, did not show obvious changes in expression pattern of rbp4 
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from 16 hpf to 24 hpf, suggesting that the formation of axial mesoderm probably does 
not influence events involving rbp4 in the YSL (data not shown).  
3.2.2 RA positively regulates rbp4 expression in YSL 
Retinol is the precursor of RA, which plays important roles in many aspects of 
development (Blomhoff and Blomhoff 2006; Maden 2000). In order to examine 
whether RA could regulate rbp4 expression, different doses of RA and DEAB (4-
diethylaminobenzaldehyde), an inhibitor of RA synthesis acting through inhibition of 
retinaldehyde dehydrogenase (Begemann et al., 2004), were applied to wild type 
embryos starting from 12 hpf, 16 hpf and 18 hpf, respectively. Control embryos were 
soaked in 0.1% DMSO/egg water. WISH on 48 hpf embryos with the rbp4 probe 
showed that in all cases RA treatment caused expansion of rbp4 expression (Fig.3-3I 
and J). In contrast, DEAB treatment caused reduction of rbp4 expression (Fig.3-3K 
and L). Thus, RA positively regulates rbp4 expression in the YSL. It is interesting to 
note that the phenotypes were more severe when the treatment was initiated early. In 
the RA treatment group, rbp4 expression was generally stronger in embryos treated 
from 12 hpf (Fig.3-3I) than that from 18 hpf (Fig.3-3J). In the DEAB treatment group, 
the yolk extension was affected more severely when the treatment was started from 12 
hpf than from 18 hpf. The embryos treated from 12 hpf showed no yolk extension 
(Fig.3-3K) or a very short one, whereas the embryos treated from 18 hpf showed only 
mild shortening of the yolk extension (Fig.3-3L). Thus it is obvious RA signaling 








Figure 3-3 Analyses of rbp4 expression during late development and its 
regulation. (A-D) rbp4 expression in 24 hpf, 48 hpf, 4 dpf and 8 dpf wild-type 
embryos as indicated. A red arrow indicates the liver while a black arrow indicates the 
pericardium region. (E-H) rbp4 expression in cyc-/-, oep-/-, smu-/- and syu-/- embryos at 
48 hpf as indicated. (I, J) rbp4 expression in 48 hpf embryos treated with 10-6 M RA 
initiated from 12 hpf (I) or 18 hpf (J). (K, L) rbp4 expression in 48 hpf embryos 












3.3 Knockdown of rbp4 gene results in change of yolk shape and double liver 
formation 
3.3.1 Yolk and yolk extension shape changed in rbp4 gene knockdown 
To study the role of rbp4 during early development, the morpholino knockdown 
technique was employed (Heasman 2002; Nasevicius and Ekker 2000). Since the 
initial expression of rbp4 occurs in the YSL, we initiate our investigation with YSL-
targeted injection of anti-Rbp4 morpholino (MO) (see Chapter II). Two anti-Rbp4 
MOs were designed: one to block translation by targeting the region around the 5’-
ATG (ATG-MO), and the other to block intron splicing by targeting the junction of 
the 2nd  exon and 2nd  intron (Spl-MO).  
RT-PCR was used to validate the specificity of Spl-MO. Two sets of primers 
were designed to monitor the splicing of rbp4 transcript: F1 (spanning the junction of 
exons 2 and 3) + R1 (targeting the 5th exon) ; F2 (targeting the 2nd intron)+R1 (Fig.3-
4A). When PCR extension time was set at 0.5 minute, F2 +R1 would only amplify the 
unspliced transcripts and no genomic DNA would be amplified due to presence of the 
large 4th intron (~3 kb). Similarly, primers F1+R1 would amplify only the correctly 
spliced rbp4 transcripts but not genomic DNA or incorrectly spliced rbp4 transcripts. 
In 24 hpf morphants, correctly spliced rbp4 transcripts were reduced and the 
unspliced transcripts were detected (Fig.3-4B). Sequence analysis confirmed that the 
PCR fragment contained the complete unspliced intron (Fig.3-4C). Protein sequence 
predicted from the unspliced transcript highlighted the introduction of a premature 
stop codon after 10 amino acid residues following the 34th amino acid (the signal 
peptide is 1-35 amino acid residues) (Fig.3-4D). As a result, the unspliced transcript 
would only encode the signal peptide. Furthermore, RT-PCR were performed in 24 
hpf uninjected control embryos and a five base-pair mismatched MO (Mis-MO, see 
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Chpater II for details) injected embryos using the same pairs of primers as for the Spl-
MO. As shown in Fig.3-4B, the level of correctly spliced rbp4 transcripts in the Mis-
MO injected embryos was similar to that of control while unspliced transcripts were 
not detectable in the Mis-MO injected embryos. Thus, these experimental data 
demonstrated that the anti-Rbp4 Spl-MO efficiently blocked the processing of rbp4 

























Figure 3-4 RT-PCR results showed the specificity of rbp4 Spl-MO. (A) Scheme of 
splicing morpholino and RT-PCR primer positions in the rbp4 gene. Exons are 
represented by blue boxes with numbers and introns by white boxes. A red bar 
indicates the region targeted by Rbp4 Spl-MO. (B) RT-PCR analysis of RNAs from 
control (Ctrl) (non-injection)/splcing morphlino injected embryos (Spl-MO) and 
control (Ctrl) (non-injection)/mismatch morpholino injected embryos (Mis-MO) at 24 
hpf using the rbp4 primers as indicated in Panel (A) or EF1a control primers. (C) 
Sequence result of the RT-PCR product of the RNAs from Spl-MO injected embryos 
using the F2+R1 primers (B), showing the complete un-spliced second intron. (D) 
Part of the protein sequences predicted from the unspliced intron (C) and its preceding 
exon sequences (12 nucleotides). Amino acid sequences predicted from exon (in 
capital letter) were in black capital letters and their position in protein were indicated 
with number below; Amino acid sequences predicted from the intron (in lower case 
letters) were in red capital letters, a premature stop codon was indicated by a red dot. 
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Therefore, the Spl-MO together with the Fluorescein as an indicator was injected 
at 4 hpf into the YSL (Fig.3-5A) and selected at 30% epiboly (Fig.3-5B and C). 
Injection of Spl-MO generated morphants with shorter YCE and much larger yolk 
cell. The yolk cell also became visibly darker than control embryos by 4-5 dpf, and 
they died soon after. This morphant phenotype is presented in a dose-dependant 
manner (Table 3-1). At a low dose (0.4 pmol), the YCE in 58.3% of morphants was 
shorter than that in controls. At a medium dose (0.8 pmol), 87.3% of morphants 
displayed abnormal YCE: 77.1% featured short YCE and 10.2% lacked it completely 
(Fig.3-5E, F, H and I). At a high dose (1.3 pmol), 93.5% of morphants were affected 
and the fraction lacking YCE increased to 27.3%. Injection of ATG-MO produced 
very similar phenotype but less efficiently (20%) (Table 3-1). There was no 
noticeable change in YCE from injection of Mis-MO (Table 3-1), further suggesting 















Table 3-1     Morphological phenotype of rbp4 morphants 
 




  (no YCE*) 
Type II 
(short YCE*) Normal 
ATG MO (0.8pm) 125 0.0% 20.0% 80.0% 
Spl MO (0.4pm) 48 0.0% 58.3% 41.7% 
Spl MO (0.8pm) 166 10.2% 77.1% 12.7% 
Spl MO (1.3pm) 77 27.3% 66.2% 6.5% 
Mis MO( 0.8pm) 65 0.0% 0.0% 100.0% 
 
 




















Figure 3-5 Effects of Rbp4 splicing MO on morphology of embryos. Rbp4 Spl-
MO was injected into the blastoderm margin area at 4 hpf with Fluorescein (A) and 
injected embryos were selected at 30% epiboly (B, C) according to the YSL positive 
fluorescence. (D, G) Control embryos at 24 hpf and 48 hpf. (E, H) Fluorescent lateral 
view image of type I phenotype (without yolk cell extension) morphants at 24 hpf (E) 
and 48 hpf (H). (F, I) fluorescent lateral view image of type II phenotype (short yolk 
cell extension) morphants at 24 hpf (F) and 48 hpf (I). White double arrows indicate 











3.3.2 Two liver buds formed at both left and right side in rbp4 gene knockdown 
To study the developmental changes in the morphants, several markers 
expressed in the YSL and endodermal organs were employed. The liver marker 
transferrin (Mudumana et al., 2004) indicated two liver buds on both sides of the 
body axis in embryos injected with either ATG-MO or Spl-MO injection, but not in 
Mis-MO injected embryos (Table 3-2). Compared with 27.6% of ATG-MO 
morphants with two liver buds, a much higher percentage (72.1%) of Spl-MO 
morphants showed this phenotype (Table 3-2). The two liver buds were either 
connected with each other or separated (Fig.3-6A-D). Duplication of liver or other 
unpaired visceral organs such as pancreas, heart and interrenal gland have been 
previously observed in mutants with defective midline formation (Sakaguchi et al., 
2006; Bisgrove et al., 2000; Liu et al., 2003; Chai et al., 2003). In order to examine 
whether the phenomenon of duplicated liver in Rbp4 morphants was also due to 
midline defects, several midline markers were evaluated in the morphants. At 24 hpf, 
shh (Fig.3-6G-J) was expressed normally suggesting that formation of the notochord 
and floor plate was not affected. Similarly, expression of ntl at 20 hpf was normal 
(data not shown). Therefore the duplication of the liver bud in Rbp4 morphants is not 
related to defects in midline formation. To further analyze liver morphology, cross-
section of 48 hpf morphants was performed. From anterior to posterior, the two liver 
buds contain several layers of cells similar to that in control (Fig.3-6E and F). Thus it 
seems that the two liver buds undergo at least initial stages of hepatogenesis. At the 
same time, these sections also showed that the gut was normal. In contrast to the 
YSL-injection, injection of morpholino at 1-cell stage resulted in a lower percentage 
of the duplicated liver phenotype (5.8%, n=52). In addition, defects in the brain and 
tail were observed (data not shown), indicating Rbp4 may have other functions during 
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development. While this study focused on a role of Rbp4 during liver development, 
































Total Two-sided No-expression Left-sided 
ATG MO (0.8pm) 58 27.6% 0.0% 72.4% 
Spl MO (0.8pm) 122 72.1% 7.4% 20.5% 






















Figure 3-6 Analyses of liver and midline structures development in Rbp4 
morphants. (A-D) Dorsal view of transferrin expression at 48 hpf in a control 
embryo (A) and in 48 hpf embryos injected with increasing dosage of Spl MO as 
indicated (B-D). The midline is indicated by a horizontal point/dash line. (E, F) Cross 
sections of the control embryo in (A) and morphant in (C) respectively. The section 
plane is indicated in (A, C) by the vertical dash line. Dashed circles in (E, F) represent 
gut and the vertical poin/dash lines indicate the midline. (G-J) Lateral view of shh 
expression in 24 hpf control embryo (G,H) and morphant (I,J). Abbreviations: shh, 









Migration of endodermal cells towards the midline has been implicated in 
formation of several visceral organs, including the liver, pancreas, interrenal gland 
and heart (Korzh et al., 2001; Chai et al., 2003; Sakaguchi et al., 2006). Therefore 
several early endodermal markers were analyzed in morphants. Among these, foxa3 is 
a pan-endodermal marker and is expressed in several endodermal organs including the 
liver during pharyngula period (Odenthal and Nusslein-Volhard 1998). As shown in 
Fig.3-7D compared to Fig.3-7A control, there was no altered foxa3 expression in 
Rbp4 morphants at 11 hpf, indicating that the early convergence of anterior endoderm 
was not affected by knockdown of Rbp4. However, at 16 hpf when there was a major 
increase of rbp4 mRNA in the YSL, in addition to its normal expression in the 
hatching gland and tail bud (Odenthal and Nusslein-Volhard 1998), foxa3 expression 
in the morphant was observed on the ventro-lateral yolk surface in the morphant 
(Fig.3-7E) but not in the control embryos (Fig.3-7B). Interestingly, this ectopic foxa3 
expression was detected mainly anteriorly. At later stage, duplicated expression 
domains in the liver bud regions were observed in the morphant (Fig.3-7F) but not in 
the control (Fig.3-7C). The YSL and lateral plate mesodermal marker hhex (Ho et al., 
1999; Wallace et al., 2001; Patterson et al., 2005) was also used in the study, but no 
obvious alteration of its expression pattern was noticed in Rbp4 morphants at 16 hpf 
and 20 hpf (data not shown). Thus, there is no evidence that a defect in endoderm or 
lateral plate mesoderm caused formation of the two liver buds in the morphants. 
To examine the role of rbp4 in hepatocyte migration, another early endoderm 
and hepatocyte marker prox1 was used. The homeobox gene prox1 is an early marker 
for the developing liver and pancreas of several vertebrates, including zebrafish, and 
plays a role in migration of hepatocytes during early liver development of mammals 
(Sosa-Pineda et al., 2000; Burke and Oliver 2002). At 28 hpf, a small dot of prox1 
Chapter 3 
 81
expression on the left side of the control embryo defined the liver bud, however, in 
morphants of the same stage, in addition to the prox1 expression in the liver bud on 
the left side, a line-shaped prox1 expression domain was found on the right side and it 
appeared to cross the midline to the left side (Fig.3-7G and H). Such morphological 
changes in appearance of endodermal cells have been interpreted as evidence of 
delayed migration of these cells (Sakaguchi et al., 2006). In control embryos, the liver 
bud is located at the A-P level of somites 1-2. The line-shaped prox1 staining in 
morphants was found at the same A-P level. Cross-sections of morphants showed that 
the prox1-positive cells are indeed in the position of the liver bud just above the yolk, 
but the morphant liver bud is flatter (Fig.3-7I, J). Based on our current observations, it 
is likely that early hepatocyte precursor cells migrate into the liver bud and these cells 
are likely of endodermal origin as they expressed foxa3 and prox1 endoderm markers. 
The YSL expression of rbp4 appears to be necessary for the migration, which likely 
occurred from 16 hpf when rbp4 expression was largely increased (Fig.3-3D) until 
25-28 hpf when liver bud formation is completed (Fig.3-7G). 
Previously it has been reported that the YSL-specific transcription factor Mtx1 
regulates myocardial cell migration through downregulation of the extracellular 
matrix protein Fibronectin1 (Fn1) (Sakaguchi et al., 2006). To investigate whether the 
fn1 is involved in hepatocyte migration in the Rbp4 pathway, we examined fn1 
expression in Rbp4 morphants. As shown in Fig.3-7K-N, fn1 was downregulated in 
the ventro-lateral yolk where rbp4 is normally expressed. Interestingly, fn1 expression 
in the myocardial precursor region was not affected in the Rbp4 morphants; consistent 
with this, no cardiac bifida was observed in the morphants. Thus fn1 in the ventro-
lateral yolk may be specifically involved in yolk extension formation and/or 





Figure 3-7 Rbp4 MO affects the early events of liver patterning prior to 
formation of liver bud. (A-F) foxa3 expression in both control (A-C) and rbp4 
morphant (D-F) at 11 hpf (A,D), 16 hpf (B,E) and 25 hpf (C,F) respectively. In (B) 
and (E), triangles indicate the hatching gland and asterisks the tail bud. The arrows in 
(E) indicate the ectopic foxa3 expression in rbp4 morphant. The arrows in (C,F) 
indicate the liver buds. (G,H) Dorsal view of prox1 expression at 28 hpf in whole 
mount control (G) and morphant (H) embryos. (I, J) Cross section of the embryos as 
indicated by the dashed lines in (G, H) respectively. The point/dash lines represent 
midline of the embryos. (K-N), fn1 expression at 16 hpf in control (K,M) and rbp4 
morphant (L,N): front view (K,L) and ventral view (M,N). The arrows in K and L 






3.3.3 Exocrine pancreas, endocrine pancreas and heart remain normal after 
rbp4 knockdown 
Pancreas and liver are both formed from the gut tube in mammals and they are 
tightly related both on origination and function. Several reports demonstrated 
duplicated liver always appeared together with duplicated pancreas (Ober et al. 2004; 
Matsui et al. 2005). In order to investigate whether pancreas is also affected in rbp4 
morphants, the Tg(ins:gfp) that expresses GFP in insulin-producing endocrine 
pancreatic cells (Huang et al., 2001b) as well as molecular markers for the exocrine 
(elastaseA or elaA) and endocrine (somatostatin2 or sst2) pancreas were used. In both 
Rbp4 morphants and controls, GFP-positive endocrine β-cells were found on the right 
side of the midline (Fig.3-8A and B). Similarly, the sst2-positive endocrine cells and 
elaA-positive exocrine cells were found in the same position (Fig.3-8C-F). Thus, 
Rbp4 knockdown causes duplication of the liver but not the pancreas. This suggests 
that Rbp4 probably plays a role only in early liver development. In addition, we never 
noticed heart duplication in Rbp4 morphants; this observation was further supported 
by the fact that the expression of gata6, an early endoderm and heart marker 
(Holtzinger and Evans 2005), was not affected in the heart at 28 hpf (Fig.3-8I), 
whereas its expression in the liver was duplicated in the morphant (Fig.3-8I and J) 








Figure 3-8 Analyses of pancreas and heart development in Rbp4 morphants. (A, 
B) Dorsal view of GFP expression in the principle islet of pancreas in 48 hpf control 
Tg(ins:gfp) embryo (A) and morphant (B). (C-F) Control and morphant stained using 
two-color WISH with fluorescein-labeled somatostatin 2(red) and Dig-labeled elaA 
(blue). Panels (C, E) show dorsal views of 3 dpf control and morphant respectively. 
Panels (D, F) are cross section at the planes as indicated in (C, E).(G-J) Gata6 
expression at 28 hpf in control (G, H) and morpant (I, J). Dashed lines in G-J indicate 
the midline, notice that hearts are on the left side (white arrows) in both control (G) 
and morphant (I). H and J, Magnified view of boxed region in G and I respective, 
showing the bilateral formation of liver in morphant. Abbreviations: elaA, elastaseA; 








Rbp4 is a plasma protein acting as a transporter of retinol in blood circulation. 
During early development rbp4 is expressed in the YSL of zebrafish (Tingaud-
Sequeira et al., 2006; Sumanas et al., 2005 and this study). Because of peculiarities of 
embryonic development in fish and mammals, direct comparison of the YSL to the 
extraembryonic structures in mammals is difficult, but comparison of expression of 
developmental genes may help to solve this puzzle. Rbp4 is expressed in the extra-
embryonic endoderm of the yolk sac during embryonic development of the rat, mouse 
and chick (Soprano et al., 1986; Johansson et al., 1997; Barron et al., 1998). 
Interestingly, zebrafish rbp4 is expressed in the YSL on the surface of the yolk cell 
(Tingaud-Sequeira et al., 2006; Sumanas et al., 2005 and this study), which, like the 
yolk sac in mammals, acts as a depot of maternal retinoids in zebrafish (Lampert et al., 
2003; Isken et al., 2007). These observations suggest functional similarity of these 
extraembryonic structures in mammals and fish. Further, as suggested by Thomas et 
al. (1998), the YSL plays an important role in early embryonic patterning similar to 
that of the anterior visceral endoderm (AVE) in mouse embryos (Beddington and 
Robertson 1999). Consistent with this, some murine genes homologous to Xenopus 
genes important in the organizer (e.g, hex, hesx1, lim1, otx2, cer-1, etc) are also 
expressed in the AVE (Sakaguchi et al., 2002); interestingly, the zebrafish hhex is also 
expressed in the dorsal YSL in zebrafish during gastrula stage (Ho et al., 1999; Liao 
et al., 2000).  
Several early developmental genes, including sqt, cas and gata5, are expressed 
both in the YSL and adjacent vegetal blastomeres (Dickmeis et al., 2001; Kikuchi et 
al., 2001; Reiter et al., 2001; Sakaguchi et al., 2001), but the specific roles of these 
genes in the YSL remain unknown since it is difficult to uncouple these functions 
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from those in the marginal blastoderm. Now it is possible to target the YSL by 
injecting materials into the YSL only. It has been demonstrated that injections of 
RNAse into the YSL effectively eliminates YSL transcripts without affecting 
ubiquitously expressed genes in the blastoderm (Chen and Kimelman, 2000). By this 
approach, important information about early function of YSL in the formation of 
ventro-lateral mesoderm and induction of Nodal-related genes in the ventro-lateral 
marginal blastomeres has been obtained (Chen and Kimelman, 2000).  
However, the specific function of genes expressed in the late YSL remains 
largely unknown. While a number of genes are expressed in the YSL ubiquitously 
(e.g. [Hirata et al., 2000; Mudumana et al., 2004], zangptl2 is probably the only one 
with restricted posterior expression pattern in the YSL (Lyman et al., 2006; Kubota et 
al., 2005). Our current work on zebrafish rbp4 expression in the YSL provides 
another example illustrating patterning of the YSL. This non-uniform expression 
pattern suggests that at this stage the YSL could be patterned along the A-P and D-V 
axes. Consistent with this idea, the distinct morphogenetic domains in the YSL have 
been reported previously based on migration of its nuclei, though the underlying 
molecular mechanism remains unknown (D’Amico and Cooper 2001). The restricted 
expression of rbp4 in the YSL opens a question about mechanisms of such restriction, 
which we answered to some extent by demonstrating that the Nodal and Hh signalling 
pathways (Müller et al., 2000; Rohr et al., 2001) negatively control expression of rbp4 
similar to that of ceruloplasmin (Korzh et al., 2001). At the same time, RA seems to 
positively regulate expression of rbp4 in the YSL.  
The effects of these signalling pathways on liver development require further 
experimental efforts. In our preliminary experiments, we noticed that both RA and 
DEAB led to no liver when the treatment was performed before but not after 16 hpf 
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(data not shown). Although RA signalling could regulate rbp4 expression, it is 
difficult to conclude the involvement of Rbp4 in the RA signalling in regulation of 
liver development because of the pleitropic effect of RA. Nodal and Hh signalling 
pathways have been reported to play important roles in zebrafish endoderm 
development (Dougan et al., 2003; Ingham and Mcmahon 2001; Lees et al., 2005). In 
our preliminary analyses using the Nodal and Hh mutants, most of them (cyc-/-, smu-/-, 
syu-/-, oep-/- and cas-/-) showed either smaller or no liver (data not shown). Only sqt-/- 
showed duplicated liver formation, which is probably due to its midline defect 
(Feldman et al., 1998) as reported for another midline defect mutant flh-/- (Liu et al., 
2003). However, liver bud duplication in Rbp4 morphant is unlikely due to the 
midline defect because the midline structure was remained normal in the Rbp4 
morphant (Fig.3-6 I and J).  
While it is widely accepted that the YSL plays a leading role during epiboly 
(Solnica-Krezel and Driever 1994; Kimmel et al., 1995), little information is available 
about the function of YSL after epiboly. It is not known whether the YSL at this stage 
influences the overlying cells just like that during early gastrulation or, alternatively, 
the embryo proper influences the patterning of the extraembryonic structures 
including the YSL. We discovered at least two different functions of Rbp4 within the 
YSL. First, Rbp4 deficiency results in abnormality of the YCE. Interestingly, rbp4 
starts to be expressed in the YSL a few hours before the formation of YCE. While the 
exact molecular mechanism behind the YCE formation is not known, it has been 
suggested that the YCE formation is influenced by the posterior to anterior migration 
of cells between the yolk and EVL. These cells accumulate at the level of YCE and 
could be responsible for YCE formation (Lyman et al., 2006).  
Second, Rbp4 is involved in the formation of the liver bud. As Rbp4 is not 
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expressed in the endoderm during this process, its contribution is probably indirect 
through its role in the YSL. During organogenesis different cell lineages migrate to 
establish anlage of various organs and differentiate thereafter. Recently it has been 
reported that the YSL-specific factor Mtx1 plays a role in migration of myocardial 
precursor cells and posterior endoderm, as knockdown of Mtx1 in the YSL results in 
cardia bifida due to a failure of myocardial cells to migrate to the midline. In parallel, 
30% of Mtx1 morphants developed duplicated hepatic and pancreatic buds 
(Sakaguchi et al., 2006). Moreover, duplication of liver bud has been also observed in 
other studies. Ober et al (2004)  have reported that Vegfc is required for coalescence 
of anterior endoderm to the midline and knockdown of Vegfc results in formation of a 
forked gut tube and duplicated buds of liver and pancreas. Similarly, Matsui et al 
(2005) have also reported a new role of non-canonical Wnt signalling during 
migration of precursor cells toward the midline. The down-regulation of 
Wnt/Dvl/RhoA signalling leads to the failure of fusion of the anterior gut tube and 
formation of duplicated livers and pancreas; in addition, migration of myocardial 
precursors toward the midline is also affected. In contrast to these observations, 
knockdown of Rbp4 has no effects on migration of heart precursors and the formation 
of the gut and pancreatic bud. Instead, the deficiency of Rbp4 causes a more limited 
effect resulting in formation of duplicated liver buds only. Consistent with this, we 
observed in the Rbp4 morphants that the cell migration molecule Fn1 is specifically 
reduced in the ventro-lateral region of the yolk, where the rbp4 is normally expressed, 
but not in the myocardia progenitors; Meanwhile, the ectopic expression of foxa3 
appears specifically in the ventro-lateral region of the yolk. The ventro-lateral 
increase of foxa3 and decrease of fn1 suggested that the cells above the rbp4-
expressing YSL are probable hepatocyte progenitors which will migrate from the 
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ventro-lateral yolk toward the midline depending on a Rbp4-Fn1 signalling pathway. 
Thus, the effect of Rbp4 is limited probably only to hepatocyte progenitors.  
Recently, two conflicting hypotheses of organogenesis of zebrafish visceral 
organs have been proposed. One emphasizes the formation of the endodermal rod by 
migration of endodermal cells towards the midline and budding of all major 
endodermal organs from the rod (Field et al., 2003; reviewed in Ober et al., 2003), 
while the other puts more weight on the establishment of independent primordia of 
these organs and their later assembly (Wallace and Pack 2003). Based on the data 
available, we suggest a unified theory of formation of endodermal organs; i.e. 
following the formation of the endodermal rod through convergence of the 
endodermal cells at the midline and the budding of organ primordia, there is 
continued cell migration lateral to medial, adding more cells to the buds of organs. 
Previously, based on analysis of expression pattern of ceruloplasmin in the wild type 
and mutant zebrafish, migration of liver progenitors from both sides of the yolk cell to 
the midline has been postulated during formation of the liver bud and a role of 
midline signaling in this process has been illustrated (Korzh et al., 2001). Migration of 
liver progenitors is probably a part of a more general process of migration of 
endodermal cells that contributes also to organogenesis of the pancreas, interrenal 
gland and heart (Chai et al., 2003; Sakaguchi et al., 2006; Lyman et al., 2006). Thus 
cell migration during the late phase of formation of visceral organs seems to be rather 
common in zebrafish. Similarly, it has been shown in mice by cell fate mapping that 
there are different groups of liver precursor cells which migrate to form the liver bud 
(Tremblay and Zaret 2005). Our analysis of Rbp4 morphants demonstrated that on the 
surface of the yolk there are two spatially separated populations of liver precursor 
cells found on both sides of the midline as proposed earlier (Korzh et al., 2001). It 
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seems that these cells require an input from the YSL for proper migration. In the 
present study, we demonstrated that the YSL-expressed Rbp4 is necessary for 
migration of liver progenitors towards the midline and formation of a single liver bud.  
Rbp4 is the extracellular transporter of retinol, a precursor of RA that has been 
implicated in regulation of cell migration as a stimulator and as an inhibitor of this 
process depending on the cellular context (Axel et al., 2001; Joshi et al., 2006; Wang 
et al., 2005). It stimulates neuronal migration in the zebrafish hindbrain (Linville et al., 
2004). In view of these earlier observations, our current data suggest that retinoids 
could play a role in regulating migration of early hepatic cells during the process of 
liver formation. Given the fact that during the course of our analysis we only 
evaluated molecular markers and morphology of the heart, pancreas and liver, 
retinoids could be involved in regulation of cell migration during formation of some 
other visceral organs that were not analysed here. The developmental roles of Rbp4 in 
zebrafish revealed in this study should also be considered within a much more general 
context of metabolism of retinoids in extraembryonic structures that seems to be 
evolutionarily conserved in all vertebrates studied so far (Lampert et al., 2003; Isken 
et al., 2007; reviewed in Evans 2005).   
Apart from the migration defects which causes the two liver buds formation, we 
could not rule out the possibility that re-specification may also involve in the two liver 
buds formation. To address this possibility, one way is to do transplation. This 
requires the information of the location of liver progenitors at early stages for a 
techniqually applicable transplation. Alternatively, candidate markers could be used 
to screen the cells which were re-specified to liver. We have done several endoderm 
markers such as elaA (for exocrine pancreas), ins and sst2 (for endocrine pancreas), 
and ifabp (for intestine), but none of these cells were affected. Furthere effort could be 
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done in this aspect. For the migration defect aspect, although we have shown that high 
possibility that knockdown of rbp4 could affect the migration of liver precursors to 
form the liver buds through analysis of several markers such as prox1, fn1 and foxa3, 
future work should be done to obtain direct evidence for such explaination. To do this, 
one way is using transgenic lines to monitor the liver progenitors in vivo, which label 
the liver progenitors with visible reporter genes such as GFP or RFP. Several lines 
availabl now are potential candidates for this purpose such as Tg (sox17: gfp) (which 
labels the endoderm cells at early stages) or gutGFP line which labels endoderm cells 
at early stages and liver, pancreas and gut cells at late stages. However, the GFP 
expressing cells in these lines need detailed analysis to ensure that thesee cells include 
the liver progenitors. Another way is to find a liver progenitor marker and establish a 
transgenic line to recapitulate the expression of this marker under both control and 
knockdown conditions. Only through this way, we could get a conclusive statement of 
why the double liver buds form with knockdown of rbp4 during zebrafish 
development. 
In addition to two liver buds formation in the YSL-specific knowckdown of rbp4, 
we also observed defects in brain and tail formation when we applied a pan-
embryonic knockdown through 1-cell stage injection of rbp4 MO. Although we could 
not detect rbp4 expression by WISH at early stages during development (before 12 
hpf), RT-PCR did detect the presence of maternal and zygotic rbp4 mRNA during 
early stages of development (Fig. 3-2 A), indicating a role of rbp4 during early 
zebrafish development. Pan-embryonic knockdown also resulted in double liver buds 
formation although in a lower percentage compared with the YSL-knockdown. This 
could be explained by the dilution of MO when it was injected into 1-cell stage. When 
the YSL formed, there are around 1000 cells of the whole embryo, whereas only 20 
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cells of them will form the YSL. Thus the quantity of MO in the YSL is much less 
compared to direct injection of MO into the YSL. Therefore, less percentage of two 
liver buds formation is observed in the pan-embryonic-knockdown. Compared to 1-
cell stage knockdown, no brain and tail formation defects were observed, indicating 
that MO injected in the YSL was restricted only in the YSL without spreading to the 
adjacent cells.  











Isolation of somatostatin2 (sst2) and 
glucagona (gcga) promoters and 








Like liver, pancreas is another important endoderm organ and exerts both 
endocrine and exocrine functions. The zebrafish is similar to mammals in its pancreas 
composition, containing exocrine pancreas and endocrine pancreas. The zebrafish 
endocrine pancreas also has four types of pancreatic endocrine cells, namely insulin 
producing β-cells, glucagon producing α-cells, somatostatin producing δ-cells and 
pancreatic polypeptide producing pp-cells. Although zebrafish and mammalian 
endocrine pancreas are similar in having four types of endocrine cells, there are some 
differences. Firstly, there is a difference in their respective ontogeny. For example, in 
mice the δ-cells appear after α- and β-cells (Ahlgren et al., 1997; Herrera, 2000; 
Teitelman et al., 1993; Upchurch et al., 1994), whereas in zebrafish δ-cells appear 
only after β-cells but before α-cells (Argenton et al., 1999; Biemar et al., 2001). 
Furthermore, unlike mice where δ-cells are located in the peripheral area of the 
pancreatic islet, zebrafish δ-cells are located together with β-cells in the core area in 
the endocrine pancreas (Ober et al., 2003; Argenton et al., 1999; Biemar et al., 2001). 
Among the four types of pancreatic endocrine cells, insulin producing β-cells 
have been extensively studied largely because of diabetes. Insulin is a secreted 
peptide important for reducing the blood sugar level and two insulin (ins) genes have 
been identified in rat, mouse and Xenopus laevis (Bunzli et al., 1972; Lomedico et al., 
1979; Shuldiner et al., 1991). Similarly, two ins genes, ins and insb, have been 
identified in zebrafish. By WISH insb was detected in the brain and pancreas 
(Papasani et al., 2006), whereas ins was only detected in the pancreas (Argenton et al., 
1999).  
In contrast to insulin, glucagon is essential for raising blood glucose levels in all 
vertebrates and the expression of glucagon (gcg) gene is mainly in α-cells of the 
endocrine pancreas and L-cells of the intestine (Jiang and Zhang, 2003; Philippe et al., 
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1988). Many species such as human, mouse and chicken only have a single gcg gene 
(Irwin, 2002), whereas two gcg genes exist in teleost (Lund et al., 1982; Lund et al., 
1983; Irwin and Wong, 1995). In zebrafish these two genes are named glucagon a 
(gcga) and glucagon b (gcgb) (Argenton et al., 1999; Lo et al., 2003). Several studies 
revealed that the zebrafish gcga gene is mainly expressed in endocrine pancreas, 
while the expression pattern of gcgb is not available to date. (Argenton et al., 1999; 
Biemar et al., 2001).  
Somatostatin is an inhibitory hormone which exerts a great variety of biological 
functions including inhibiting the release of insulin and glucagon in pancreas. It is 
produced in various tissues such as central and peripheral nervous systems, pancreas, 
intestine and stomach (Patel, 1999). Compared to mammals where there is a single 
somatostatin (sst) gene, at least two sst genes exist in fish, namely sst1 and sst2 (Patel, 
1999). In zebrafish, three sst genes have been identified, sst1, sst2 and sst3; among 
them sst2 is mainly expressed in the endocrine pancreas (Devos et al., 2002; Argenton 
et al., 1999), while sst1 is expressed in both central nervous system and pancreas and 
expression pattern of sst3 has not been reported (Devos et al., 2002).  
Pancreatic polypepetide (pp) is a small peptide mainly produced by pp-cells of 
the endocrine pancreas and it functions to inhibit gastric emptying rate, exocrine 
pancreas secretion and gallbladder motility (Hazelwood, 1993). So far no pp gene has 
been reported in zebrafish, whereas the immunohistochemistry analysis suggested 
pancreatic polypeptide is present in adult zebrafish pancreas (Argenton et al., 1999).  
Compared to extensive studies of insulin producing β-cells, relatively less 
information is known about other types of endocrine pancreatic cells such as glucagon 
producing α-cells and somatostatin producing δ-cells and pancreatic poplypeptide 
producing pp-cells. In this context, the zebrafish could serve as a good model for the 
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study of the development and lineage relationship among these endocrine pancreas 
cells. 
Generation of green fluorescent protein (GFP) transgenic zebrafish using tissue-
specific promoters has been shown to be a powerful tool in the study of gene 
regulation and organogenesis. Since the first transgenic zebrafish driven by the 
zebrafish gata-1 and actin promoters were generated (Long et al., 1997; Higashijima 
et al., 1997), many other transgenic lines driven by zebrafish promoters have been 
generated (Gong et al., 2001;Udvadia and Linney, 2003). Recently, several transgenic 
lines driving GFP expression in the endocrine and exocrine pancreas were generated 
using promoters of pdx1, ins (Huang et al., 2001b) and elastasA (elaA) (Wan et al., 
2006). These GFP transgenic lines provide excellent experimental systems for further 
analyses of pancreas development in zebrafish.  
In order to gain better understanding of the relationship among different 
pancreatic endocrine cells and to facilitate endocrine pancreas developmental study in 
zebrafish, here we isolated and characterized the zebrafish sst2 and gcga promoters. 
Using the zebrafish sst2 promoter, we successfully generated a few GFP transgenic 
lines that faithfully recapitulated sst2 expression in the endocrine pancreas. 
4.1 Isolation of zebrafish sst2 gene promoter and establishment of stable GFP 
transgenic line under the sst2 promoter 
4.1.1 Sequence analysis of zerafish sst2 promoter 
By analyzing zebrafish sst2 genomic sequence in Ensemble 
(http://www.ensembl.org), a reverse primer starting from 2 bp upstream of sst2 start 
codon and a forward primer from 2,467 bp upstream of the reverse primer were 
designed. PCR reaction was performed using zebrafish genomic DNA with this pair 
of primers and a 2, 467 bp fragment was isolated and sequenced (Fig. 4-1). A TATA 
Chapter 4 
 97
box with the consensus sequence TATAAA (Fig.4-1, in box) was identified at 


























-2469   AGCCTCTATGTCCTTCGTCTTATTGCACTTATTGAGTGTTCTCTTTATCTGTACAGTAAT 
-2409   GTTCGAACAAAAGTATGCTGATTGTCACTATTAAGAGACTTTTCAAGATGAATAAATGAA 
-2349   TAAATATAAACCTCAAACGTCTGTGGTCTTGTTTCTTGCATTAGCTCTAAAATAATAAGT 
-2289   CTAAAACCTTCATTATGTTGTTTTCAATCTGTGGGCCATGATGCTATTGCCAGCTGTCAT 
-2229   GACTAGAATTAATATATGCTAATTTATGTAAGAATGACTAGCCATAATTGGATGTATAAG 
-2169   TAAATAATGAGAAATAAATAATCATGTATAACTTTGCATTCACTATTTGATTTAGTAGAT 
-2109   CTATTAAGGTCCTTTGTACAAGATGTAAAAAAAGTCTCTGATGTCCCTTGAACATTCAAA 
-2049   ATAGCCCATAAATAATTTTTTAATGACTTTTTTATAATGCCTTTTAGTTGCTGATGTTAT 
-1989   TTTCAGCAGATACATTGTGAAAACTCTAATGGCGGACAGTTGCTTCACACTGTCTATGCT 
-1929   AATGAGCTGGTAGGGATGGCAGACGTGAAACTGACATTTCGACAGTGTCGAGATCCCACA  
-1869   AACATGATTAAAATACCTAAAACCATGATTTCGGAGTATTTGTACAAATCGGGATTCGAA 
-1809   CCCAAAAGATATTTGAAGCACAGTAACAGCGTACACTCGCACAGTCCTCTAGGCTATAGG 
-1749   TTTTTCTGACCCTGGCAGTCAAATGCATATTCCCCAGGCCGCTTCTAAACTGAACGATGC 
-1689   TTTGAATCGATTTAGTCACGTGACCAGGTGTTTCGAAACACTTTAGTCACGTGACTTGGG 
-1629   TGTTTCGGATCATGCTTCGGTGCAGTGTTTCGAAACACTTTCCCTTCAGGATCTCGATAC 
-1569   TGTTTCGAAACCTCAGTTTCACGTCAGCCATCCCTAGTATATTTACAGTTGAAGTCAGAA 
-1509   TTATTAGCCCCCTTTTGATTTTATTTTATTTTTTTAAATATTTCCCAAATTATGTTTAAC 
-1449   AGAGGAAGGAAATTTTCACAGTATGTCTGATAATATTTTTTCTTCTGGAGAAAATCTTAT 
-1389   TTGTTTTATTTCAGCTAGATTAAAACCAGTTATTGATTTAAAAAAAAACATTTTTGGGAC 
-1329   AAAATTATTAGCCCCTTTAAGCAATTTTTTTCAATAATCTACAGAACAAACCATTGTTAT 
-1269   ACAATAACTTGCCTAATTACCCTAACCTGCCTAGATAACCTTAAAAACCTAGTTAAGCCT 
-1209   TAAAATTTCACTTTAAGCTGTATAGAAGTGTCTTGAAAAATATCAAGTAAAATATTATTT 
-1149   ACTGTCATCATGACAAAGATAAAATAAATCAGTTATTAGAGATGAGTTATTAAAACTATT 
-1089   ATGCTTAGAAATGTGCTGAAACAATCTTCCCTCCATTAAACAGAAATTGGTGAAAAAAAT 
-1029   AAACAGGGGCCCTAATAATTCAGGGGGGCTAATAATTCTGACTTCAACTGTAATGAAATG 
-969    AAGTTGACTAGACAGAACATGAAATATTTTGTGCTCATATTGTCTGCAATGAAATACAAG 
-909    TCAAGGTAAATTTGTAAATCACTACATTCTTTTTTTATTTGCATTTTTCATACTGTCCCA 
-849    ATTCTTTCTGATTTAGGGTTGTAGAAACACACCAGACTTAAAATGTCTGGAATAGACCTT 
-789    TTAAAATATCCAGATATTCCAGAAATTATCCATTGGAACTCTGTTTTGTTGTCATGACTT 
-729    TCATCATATCACTCTATTTACAGTGTATTTAAAATAATGTTTGATTGTTTTCTTATAGTA 
-669    ATGCTTGCCATTCATATATTTCACCTAGTGGAAAATACATTCAACTAAAGTGTTGCATGC 
-609    AGAACGGTTGCAAACAATTTATCTGTGTTGAATTTAAACAATCAAATTAAATTGAATAAT 
-549    GTTCAACTTAATTTGTTTGTTTAAATTCAACACAATTAAATTGTTTACAACCGCTTAACG 
-489    TAAAAAAATTTGAGTAAATCCAAGGAATCATCTCTGAATAATTTTTTTCAGTGCAGGCAG 
-429    AAAAATCACTTGAAGATAATAATAATAAAGTTTCATTAACATTTTCCAGCAAATTCAGAG 
-369    AACGTTTCTTTACTTTGATTTGTTTCCAGGTAACATCCATTCATCATTGATGACCAACAA 
-309    AAATTTACGGCCCAGAAGCAACAGCAGGAAGGTCACTCTAGCAACAAATCAATGCAATAA 
-249    GTGCTTTATTGGGGTTCCCGCTTAAAATGGAAGCTCTTTATGAGTAGACACCATTGTTTG 
-189    ACCTCTCTAAAGATGGGAAATGAGATGTAATGGAAGCTACATTTGCCAGCTGGAATTTAT 
-129    TAATATGTCAACATCTCAATGCGTAACTCGTGTTCATTCCACCCGTGCAGGTGCCACTAT 
-69     AAATACCATTCAGAGGAGTAGAAAGAGACACTTAGGGAGCAGAGTTCTGAGTTAAAGAA 
-9       GCAGCAGAAATG 
 
 
Figure 4-1, Sequence of zebrafish proximal sst2 promoter region. The ATG start 
condon is used as +1 nucleotide and is bolded. The putative TATA box is boxed and 
bolded. Selective putative transcription factor binding sites are labeled in different 
styles: PAX4 (boxed), PAX6 (boxed with shadow) and CREB (underlined with 
shadow). Three restriction enzyme sites, (AGATCT for BglII, GGGCCC for ApaI and 
GTAGAC for AccI) for construction of pSST2-EGFP deletions were double 
underlined. The forward primer and the reverse complementary sequence of reverse 








In order to identify evolutionary conserved region in the 2,467-bp zebrafish sst2 
promoter region, comparison among 5’ upstream regions of human, mouse, rat and 
zebrafish sst was carried out using rVista (http://genome.lbl.gov/vista/rvista). rVista 
combines database searches with comparative sequence analysis to find potential 
regulatory elements and conserved non-coding regions. Only predicted binding sites 
located in the sequence fragments conserved between two species at the level of over 
80% over a 24-bp window were selected for further consideration (Loots et al., 2002). 
Comparison of 2,500-bp upstream sequence of human/mouse and human/rat sst gene 
(sequences obtained from http://www.epd.isb-sib.ch/) showed two conserved regions, 
one is adjacent to the transcription start site (around 200 bp) and the other is within 
the first 300 bp in the distal region (Fig. 4-2A and B). In rat, the proximal region was 
reported to contain important elements for tissue specific expression of sst (Dixon et 
al. 1990; Vallejo et al. 1992; Patel 1999). Further pair-wise comparison between 
mouse and rat showed almost the whole length of 2,500 bp region was conserved 
(Fig. 4-2C). In contrast, comparison of zebrafish 2,467-bp region with human, mouse 
or rat promoter showed no obvious conservation (Fig. 4-2D-F).  
Since there is no conserved region predicted in the 2,467-bp zebrafish sst2 
promoter region, we then used the online Transfac Match-Public software 
(http://www.gene-regulation.com/pub/programs.html#match) to search the 2,467-bp 
zebrafish promoter for potential transcription factor binding sites. Because intensive 
experimental data is available for the rat sst gene, it was used to evaluate the accuracy 




                
   
Figure 4-2 Comparison of sst promoter among human, mouse, rat and zebrafish. 
X-axis in A and B is numbered based on human sst promoter sequence (base pair), in 
C based on rat sst promoter sequence and D-F based on zebrafish sst2 promoter 
sequence. Y-axis indicates percentage identity of human (D), mouse (E) and rat (F) 
sst promoter with that of zebrafish respectively. Y-axis indicates percentage of 
identity of two sequences compared as indicated on the left. The pink color-shaded 


































Analysis of the 2,500-bp rat sst upstream region (sequence obtained from 
http://www.epd.isb-sib.ch/) identified one CREB (cAMP-response element-binding), 
four PAX6 and seven PAX4 sites. These transcription factors have been reported to 
be important for sst expression and δ-cell development (Fig. 4-3). Importantly, the 
500-bp proximal region which has been reported to be sufficient to drive rat sst tissue-
specific expression (Dixon et al., 1990;Vallejo et al., 1992; Patel, 1999) contains six 
binding sites: one CREB, two PAX 6 and three PAX4 sites. Thus, it is feasible to use 
the Transfac Match-Public to identify putative transcription binding sites from the 
promoter sequence.    
For the zebrafish sst2 promoter, five PAX4, two PAX6 and one CREB binding 
sites were identified. The CREB site was found at position -1,551 (Fig. 4-1; Fig. 4-3). 
This is unlike its counterpart in rat which is located very near to the transcription start 
site (Fig. 4-3). In addition, two putative PAX6 sites (-237 and -2,151) and five 
putative PAX4 sites (-741,-1,013, -1,623,-1,855 and -2,236 ) were identified in the 
2,467-bp 5’- flanking region (Fig. 4-1; Fig. 4-3). Unlike the arrangement in rat, where 
the 500-bp proximal region contains six binding sites, the 500-bp proximal region of 
the zebrafish sst2 upstream region contains only one PAX6 binding site (Fig. 4-3). 
The results of this analysis suggest that although similar transcription factor binding 
sites were identified in zebrafish and rat sst promoter, their respective arrangement is 











Figure 4-3 Comparison of transcription factor binding sites between the 2,500-bp 
rat sst promoter and the 2,467-bp zebrafish sst2 promoter. The transcription start 
sites are indicated as +1. The transcription factor binding sites are labeled by different 
















4.1.2 Specific activation of gfp reporter gene in endocrine pancreas and floor 
plate cells under the 2,467-bp zebrafish sst2 promoter  
The 5’ proximal 2,467-bp zebrafish sst2 fragment was inserted into the pEGFP-1 
vector to generate plasmid pSST2-EGFP. This construct was injected into zebrafish 
embryos at one-cell stage to evaluate its ability to drive transient GFP expression. 
GFP expression was first observed in some floor plate cells in the tail region around 
16 hpf (data not shown) and the expression progressively decreased afterward. By 2 
dpf, there was little GFP expression left in the floor plate (Fig. 4-4 D). This dynamic 
expression in the floor plate is similar to what is observed for sst2 expressions by 
whole-mount in-situ hybridization (Fig. 4-4A and B; Argenton et al., 1999). Faint 
GFP expression was first observed in endocrine pancreas at 24 hpf. Compared to the 
onset of sst2 transcription at 16-somite stage (around 17 hpf) in pancreas (Fig. 4-4C; 
Biemar et al., 2001), the detectable GFP expression in pancreas was delayed by ~7 
hpf, presumably due to the lag period required for GFP translation and accumulation 
to a detectable level. GFP expression in the pancreas became stronger and was 
expanded to more cells between 2-3 dpf (Fig. 4-4E). Two-color whole mount in-situ 
hybridization with gfp and sst2 probes on 2 dpf embryos showed that gfp expressing 









Figure.4-4, WISH of sst2 and transient expression of GFP under the 2,467-bp 
sst2 promoter. A-C: WISH of sst2 in floor plate at 16 hpf (A) and 23 hpf (B) and 
pancreas at 17 hpf (C) of wild type embryos. n, notochord. Black arrows indicate the 
positive cells. D and E, expression of GFP in floor plate (D) and pancreas (E) at 48 
hpf. F, ventral view of 48 hpf pSST2-EGFP injected embryo with expression of sst2 








Around 25.1% of the injected embryos showed GFP expression by 26 hpf. This 
ratio increased to 37.2% by 2 dpf. Among GFP positive embryos, 85% had GFP 
expression in pancreas either alone or together with floor plate expression. 15% 
embryos showed GFP expression only in the floor plate. The results so far suggest 
that the 2,467-bp promoter is sufficient to drive the specific GFP expression in floor 
plate cells and endocrine pancreas. 
In order to fine-map key regions that confer sst2-specific expression, three 5’ 
deletion constructs resulting in 2,110 bp, 1,016 bp and 202 bp of this promoter were 
generated using appropriate restriction enzymes (Fig. 4-1; Fig. 4-5). Transient 
transgenic assay was carried out to test these constructs. The 2,110-bp fragment has 
similar expression pattern as that of the 2,467-bp promoter, although the percentage of 
GFP-positive embryos decreased from 37.2% (n=75) to 24.1% (n=145). Among 
these, pancreas positive embryos decreased from 30.7% (2,467-bp) (Fig.4-5A) to 
7.6% (2,110-bp) (Fig. 4-5B). Hence, it seems the 356-bp fragment between -2,467 
and -2,110 contains enhancer for pancreatic expression. Transfac Match-Public 
analysis in 4.1.1 identified one PAX6 and one PAX4 site in this 356-bp fragment, 
indicating that PAX6 and PAX4 may play roles in enhancing sst2 expression. Similar 
to the 2,110-bp fragment, the 1,016-bp construct also maintained the specific 
expression both in pancreas (Fig. 4-5C) and posterior floor plate. However, the 
percentage of positive embryos further dropped to 11.3% and the ratio of pancreas 
positive embryos decreased to 4.1% (n=97). Thus it appears additional enhancer 
elements for pancreas expression may exist in this 1,094-bp (from -2,110 to -1,016) 
fragment. Again, two PAX4 and one CREB sites were identified by Transfac Match-
Public in this 1,094-bp region. In contrast, no GFP-positive embryos were observed 
for the 202-bp construct (n=150) (Fig.4-5D). Consistent with this observation, no 
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reported transcription binding sites important for sst2-specific expression were 
identified in this 202-bp region, whereas two PAX4 and one PAX6 sites were 
identified in the deleted 814-bp region (-1,016 to -202). Thus, these observations 
indicate that the 814-bp sequence plays a key role in sst2-specific expression in 

























Figure 4-5, 5’ deletion analysis of the 2,467-bp sst2 promoter. The lengths of the 
blue arrows are not strictly in proportion and the lengths of the promoters are 
indicated above the arrows. 5’ deletions were generated by convenient restriction 
enzymes as indicated. Representative embryos after injection with different promoter-
GFP constructs are shown in panels A-D as indicated. White arrows indicate specific 
GFP expression in the endocrine pancreas. The transcription factor binding sites are 











4.1.3 Generation and characterization of stable Tg(sst2:gfp) lines 
Following transient expression analysis, stable Tg(sst2:gfp) lines were generated 
by injection of pSST2-EGFP construct after removal of the plasmid vector. Of 48 
founders screened, three stable transgenic lines were obtained. The ratio of GFP-
positive F1 offspring from the three founders ranged from 9% to 55.1%, likely due to 
the mosaic nature of transgene in germ cells. One of these stable transgenic lines (line 
3) gave 55.1% GFP positive offspring. Among the GFP positive embryos from line 3, 
16% showed relatively weak GFP expression and the other 39.1% showed strong GFP 
expression, indicating that there were probably two independent insertions in this 
founder fish. This was supported by out crossing a line 3 F1 transgenic fish with a 
wild type fish. Around 50% F2 progeny from the strong-GFP expressing F1 fish 
showed strong GFP expression and similar percentage of weak GFP expressing 
progeny were obtained from the weak-GFP expressing F1 fish. Similarly, in the other 
two lines (line 1 and line 2), about 50% of F2 progeny from an out-cross of a 
transgenic F1 fish to a wild type fish displayed GFP fluorescence, suggesting a single 
integration site, although the possibility of multiple integration in a close proximity 
could not be ruled out.  
Similar to the observation in transient expression, there were faint expressions in 
the posterior floor plate and some cells ventral to the notochord starting from 16 hpf 
in all these three lines (Fig. 4-6A). In addition, some posterior neuronal cells were 
also observed expressing GFP, while these cells were not observed in the WISH using 
sst2 probe. This maybe ectopic expression, or alternatively the endogenous sst2 
expression in these cells is too low and too transient to be detected by WISH. The 
expression in the floor plate cells became more obvious by 20 hpf (Fig. 4-6A) and 
then reduced and disappeared completely around 3 dpf in all of these three lines. 
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Similarly, the GFP expression in the neuronal cells also reduced and disappeared 
around 3 dpf.  
All three transgenic lines displayed identical GFP expression patterns in 
pancreas. GFP expression in the pancreas was initiated from 20 hpf and maintained 
throughout the adulthood. The embryos started to show faint GFP expression between 
20-22 hpf in the endocrine pancreas area at the level of the 4th somite along the 
anterior–posterior axis. At this stage, only 3-4 cells had GFP expression in one cell 
layer (Fig. 4-6B). More cells (> 10) became GFP positive at 26 hpf (Fig.4-6C), 
dispersed yet still located in one cell layer. By 2 dpf, the GFP expression cells became 
closer to each other and they formed a ball-shaped cell cluster with 2-3 cell layers 
(Fig. 4-6D). The intensity of GFP expression also became stronger in individual cells. 
From 3 dpf (Fig.4-6E) to 7 dpf (Fig. 4-6F), more cell layers were formed at the 3-4th 
somite position on the right side. In order to confirm the specificity of sst2 promoter, 
sst2 probe (Fig. 4-6G) and anti-GFP antibody (Fig.4-6H) were used together on 
Tg(sst2:gfp) embryos. As shown in Fig. 4-6I, GFP expression was found in all cells 
with endogenous sst2 mRNA expression. Thus this confirms the specificity of sst2 
promoter and proves that the sst2 promoter drives reporter gene to be expressed only 







Figure 4-6, GFP expression of Tg(sst2:gfp) (line 1) during embryonic and early 
larva development. A, GFP expression in the floor plate (white arrows) and posterior 
cells below the notochord (white arrow head) at 20 hpf. n, notochord. B, GFP 
expression in the pancreas at 20 hpf. C-G, confocal images of sst2 expressing 
endocrine pancreas cells in Tg(sst2:gfp) at 26 hpf (C), 48 hpf (D) (due to the thickness 
of the trunck and the position of pancreas at this stage, the GFP cells could not be 
focused well at this magnification), 3 dpf (E) and 7 dpf (F). G, ventral view of 5 dpf 
Tg(sst2:gfp) larva with expression of sst2 (G), GFP (H) and combination of GFP (red) 
and sst2 (blue) (I).  
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The GFP expression in some discrete gut cells was also found in the Tg(sst2:gfp) 
lines and the strong-GFP expressing larvae of line 3 showed the strongest GFP 
expression in the gut. By 2 dpf, some GFP positive cells appeared in the strong-GFP 
expressing larvae in the gut area (Fig.4-7A). By 3 dpf, more cells with clear GFP 
expression were detected. These cells were randomly located throughout the intestine 
and most of them had a round or water-drop shape (Fig.4-7B). At 5 dpf and 7 dpf, the 
intestine GFP positive cells remained the same as they were at 3 dpf and they moved 
with the peristalsis of the intestine (Fig. 4-7C and D). Line 3 showed more GFP 
expressing cells in the gut in the strong GFP expressing larvae than the other two lines 
(line 1 [Fig. 4-7E] and line 2) and the weak GFP expressing larvae of line 3 (Fig.4-
7F). This may indicate the heterogeneity of sst2 expressing cells in the gut, though the 
possibility of extra GFP expressing cells was due to a chromosomal effect because of 
additional transgene insertion in the strong GFP expressing line 3 individuals can not 
rule out.   
Somatostatin expression was also detected by immunobiochemistry in zebrafish 
gut (Ng et al., 2005), but there was no reports on its transcript expression in gut. Thus, 
WISH was carried out in wild type larvae of 3 dpf, 4 dpf and 5 dpf. However, no 
obvious sst2 expression was detected. This may be due to the gut sst2 expression level 







Figure 4-7, GFP expression of Tg(sst2:gfp) in the intestinal cells during 
embryonic and early larva development. A-D, GFP expression in the strong GFP 
expression group of line 3 at 48 hpf (A), 3 dpf (B), 5 dpf (C) and 7 dpf (D) in 
intestinal cells. E and F, GFP expression at 7 dpf of line 1(E) and weak GFP 









4.1.4 GFP expression in adult Tg(sst2:gfp) 
The organization of endocrine pancreas in adult mammals has been extensively 
studied (reviewed in Slack, 1995). In zebrafish, previous investigation indicated the 
presence of several endocrine islets in the pancreatic parenchyma of adult zebrafish 
(Pack et al., 1996; Milewski et al., 1998). However, less is known about the 
organization of endocrine pancreas in adult zebrafish. Tg(sst2:gfp) lines were 
analyzed in an effort to shed some light into this. In adult Tg(sst2:gfp) fish (line 1 and 
line 2), small clusters of GFP positive cells were present inside the exocrine pancreas 
tissue along all the three intestinal lobes (Fig.4-8A and B). One big cluster of GFP 
cells was always located along the dorsal-anterior position of the first intestinal lobe 
(Fig.4-8C). Adjacent to this big cluster, one or two smaller clusters of GFP cells exist 
(Fig.4-8C). Following the anterior big cluster of GFP cells, there were many tiny 
clusters of GFP cells embedded in the exocrine pancreas. This is in good agreement 
with the organization of GFP cells in adult Tg(ins:gfp) line (Fig. 4-8D). Thus far, our 
observation supports the idea that adult zebrafish endocrine pancreas may be 
organized as many islets embedding in the exocrine pancreas in a manner similar to 
higher vertebrates. 
Since strong GFP expressing larvae of line 3 showed obvious gut GFP 
expression at early stage of development, adult fish from the strong GFP expressing 
group of line 3 were examined for gut GFP positive-cells in adult. In addition to the 
exocrine pancreas along the gut lobes, many GFP-positive cells were scattered inside 
the gut epithelium (Fig.4-8E and F). Thus, gut GFP expression in the strong GFP 
expressing group of line 3 is present from embryonic stage to the adult. Similar to the 
weak gut expression in larva of line 1, line 2 and weak GFP expression group of line 
3, a few GFP positive cells were also observed in the gut epithelium (Fig. 4-8G), 
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indicating the gut GFP expression in the three lines are also similar although to a 






















Figure 4-8, GFP expression in adult Tg(sst2:gfp) and Tg(ins:gfp). A, ventral view 
of adult Tg(sst2:gfp) (line 1). B,  Schema of panel A to show the sst2 expressing 
endocrine pancreas cells (GFP positive) in the adult fish in respect to the intestine. C, 
dorsal view of adult Tg(sst2:gfp) (line 1), principal islet (PI) is indicated with the 
white arrow. D, dorsal view of adult Tg (ins:gfp). E, Dorsal view of anterior part of 
intestine lobe 1 of Tg(sst2:gfp) (strong GFP expressing group of line 3) to show the 
intestinal sst2 expressing cells (white arrows) F, Inside view of the dissected intestine 
surface showing intestinal GFP positive cells of the Tg(sst2:gfp) (strong GFP 
expressing group of line 3) G, Inside view of the dissected intestine surface showing 




4.2 Isolation and characterization of zebrafish and fugu gcg promoters  
4.2.1 zebrafish gcga promoter  
In order to isolate the zebrafish gcga promoter, a reverse primer which is 
immediate upstream of the first exon of gcga and a forward primer which is 1,578 bp 
upstream of this reverse primer were designed based on the prediction of zebrafish 
gcga genomic sequence in Ensemble (http://www.ensembl.org). PCR reaction was 
performed on zebrafish genomic DNA using this pair of primers and a 1,578-bp 
fragment was isolated and sequenced (Fig. 4-9A).  
Promoters of gcg gene have been well characterized in mammals and especially 
in the rat (Philippe et al., 1988; Drucker et al., 1987; reviewed by Kieffer and 
Habener, 1999). Five important cis-elements have been identified in the promoter 
region of rat gcg gene (from proximal to distal): G1, G2, G3, CRE (cAMP response 
element) and ISE (intestinal-specific element). Among these five elements, the G1 
element is the closest element to the transcription start site (within 200 bp) and is 
responsible for islet α-cell specific expression (reviewed in Kieffer and Habener, 
1999). It has been reported that the three elements (G1, G2 and G3) which are 
important for gcg expression are highly conserved both in their relative position and 
in their sequence by comparison of promoter regions in rat and human gcg genes 
(Phillipe et al., 1988). 
Analysis of the isolated 1,578-bp fragment revealed a consensus TATA box with 
sequence TATAAA at the position -31 to -26 relative to the first nucleotide of the first 
exon as +1 (predicted from Ensemble http://www.ensembl.org) (Fig. 4-9A).  In order 
to analyze the zebrafish 1,578-bp gcga 5’ upstream fragment for conserved region, the 
zebrafish sequence was compared with the rat and human gcg 5’ upstream regions 
(1,600 bp) using the rVista (http://genome.lbl.gov/vista/rvista). However, no obvious 
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conserved region was identified by this comparison (data not shown).  
Subsequently, this fragment was cloned into pEGFP-1 vector (clontech) for 
transient expression analysis. The resulted pGCGa-EGFP construct (100 pg/embryo) 
was injected into zebrafish embryos and GFP expression was observed in the yolk 
and/or in the skin at 24 hpf in some of the injected embryos (25/92) (Fig. 4-9B and 
C). Prolonged observation of these embryos indicated that the expression of GFP 
remained in the yolk and/or in the skin up to 3 dpf (Fig. 4-9D); however no GFP 
expression was observed in the pancreas area. Increase of injected pGCGa-EGFP to 
200 pg led to similar results and no GFP expression was observed in the pancreas. 
Thus it seemed that the isolated zebrafish gcga promoter had no anticipated pancreas-


















-1578    AGGTAAATCGGAGCTCGTGCACGTGAGTGACAATCACACAGTATGAACTTTCAAGGACG 
-1518    TGATCTGAGAGAATCGCCGATGAGTCGCCAATGCCTGTGAGATATTTGGCATGCTAAATA 
-1458    TCTGGAGCTGTCGGCGATTCAAATCATGCTGTGTGAATTGAGTTTTGACTGAAAATAACA 
-1398    TCAGCGATCGCCTACAGCCAATGAGAGAGCGGCATTCACTTGTGTGTGCGTGTGTGTATA 
-1338    CCTGTTGCAGGCCAGCGGGAGGCCGGGGGAAAAGTTAAAAGCGCTCTTTTTCGGTTTATT 
-1278    TGGACCCATGTAATGGAGGAAAAACTAGTGGAGGTTTGACAGGGCTCAGGAGCAACCGTG 
-1218    TCTGTTTGACGTTTCATACAGAAAGAAATTAGTTTATTATCAACGTTGAGGAGAAATGGC 
-1158    TAATTCCCTTTAAACCCAGGTGAGCAAACATATAAATGTTCTACCCCATTAAAGGCTTCT 
-1098    TTCTCATTATGTAGTTAATAACAAAAGATACACTACGTGTTTTTGGCTGTGAGACGTAGT 
-1038    TTGGACGAAGTTGTCGGCGATTCTTTCTATAGTAAAGTCATGCAATGTGAATGTCCCTGT 
-978     CGCCGATCCATCTTGCAGTGTAAACAAAGCAGCGACGAAACGCTAGCCCAGATAGTCATG 
-918     CAGTGTGAAAACATCTGTGACACGACTACTTTGAAATACTTTGAAAGGCATTACTGGATT 
-858     CACTAATATCACTTCCAGCAGCAACCTAGCTGGTGGGCAAACATGTGGAAGTAGTAGAGA 
-798     GCTAGCTGCTGGCTAGCAGTATTTTAATGTAATATTCAGATTTATCAGCATTTTATTGAA 
-738     AACAAATAGGAAAAACAAAAATTTAAAACATTTTAAGAAATCATTTTTAGTTTTAAGTCA 
-678     TTTTTACAGCCAATTTCCTTTTTAAATATTTTTAAAACATATTTGCGTCTTAAATATTCA 
-618     TACCAGTCTGTTTCATATTATAAAAGATTTAAAATCTTGATTAAAAAAATAACTTTGTGC 
-558     TTAAATATATATTTGATTTGATATATTTGCACAAATGTTTTATTCCAAATCTAAATATTT 
-498     AAAACCCTTTGAAATCTATTTTATTCATTTATTAAATGAATCCACCGTTGTCCCTTTACG 
-438     TTTTTTTTTTTTAAACAACATCATAAAACTGCATTGTAGTCATTTACATCAATGAAATGC 
-378     ACTGATCTTTAGAATTGGACATTTAAAAAAAAAAGCCCAAAAACCCCAGTCTGTCACGAT 
-318     CTCCCACACACTTTCAAACTCGGCATCCGTTTGCGCTCTTGAATTTTCGCTTACAGTAGC 
-258     ACTTGTTGCGTTATTTTTCTCCTGCTTTATTTGCGAAAGCCTCATCCGTCTGTCTGACAC 
-198     CTCAAGTCCAGCTCTTATCGCTAGGCACTTTGGCACATCTTTCTCTTTAAACAAACACAT 
-138     GCGGTTTCATCCAGAACGGCTAATGGACTGACACTAATGGATGCTAGCGCTTGCGTATGT 
-78       GTGTGTGTGTGAGAGAGTGTGTTACGGGACGGCCCACCTGAACTAGCTATAAAAGAGCCA 




                     
     
Figure 4-9, Zebrafish proximal gcga promoter sequence (A) and transient 
expression analysis (B-D). A,The 1,578-bp proximal gcga promoter. The number is 
relative to the transcription start site, putative TATA box is boxed. GFP expression in 
the yolk (B) and skin (C) at 48 hpf . White arrow, GFP positive skin cell. D, GFP 









4.2.2 Fugu gcga promoter 
Since the isolated zebrafish gcga promoter did not show pancreas-specific 
activity in the transient transgenic assay, a fugu gcg promoter was also isolated. 
BLASTN search of the fugu genome database (version 4) with zebrafish gcga cDNA 
sequence retrieved an alignment with a gene in scaffold 46 
(http://www.ensembl.org/Takifugu_rubripes). Similarly, gcg genes from other species 
were also aligned to this region; we conclude that this sequence in scaffold 46 is most 
likely the fugu gcg gene. The 655-bp fragment (Fig.4-10A) between fugu gcg gene 
and the 5’ adjacent gene was amplified by PCR from fugu genomic DNA.  
Analysis of the isolated 655-bp fragment revealed a consensus TATA box with 
sequence TATAA at the position -44 to -39 relative to the first nucleotide of the first 
exon as +1 (predicted from Ensemble http://www.ensembl.org) (Fig. 4-10A). 
Comparison of fugu 655-bp fragment to human, rat or zebrafish 700 bp 5’ upstream 
region of gcg gene using rVista (http://genome.lbl.gov/vista/rvista) showed no 
obvious conserved region (data not shown).  
Then, the 655-bp fragment was cloned into pEGFP-1 for transient expression 
analysis. GFP expression was observed in the skin (Fig.4-10B) in a manner similar to 
the 1,578-bp gcga fragment from zebrafish. In addition, GFP expression was also 
observed in some neuronal cells of the trunk region and some cells in the intestine 
(Fig. 4-10C and D). Around 28% embryos showed GFP expression at 2 dpf (n=132), 
whereas disappointingly, the GFP expression was not observed in the pancreas area.  
In short, both 5’ upstream fragments of zebrafish gcga (1,578-bp) and fugu gcg 
(655-bp) could not drive GFP expression in pancreas in transient expression 





-655   GTCCCAAATAGAGGCCAAGAATGCGGCAGCATTTAGAGTGACCATTACCAGATTTTCCCT 
-595   TTTTTTTCTCCACGTTTCCTTAAATGGCTGATGTACATCTGTTTCCCTGTGCGGCGGATG 
-535   TTAGATTGCCTGTAACAGTGAATTTGTCGACATGTTGGAATTCAGAGTCCTATCAAATGC 
-475   ATGCATTTTCTGTTGAATATGAATCTAAATGCACTGGTTTATTGTCAAGTGTTGCCGTTG 
-415   GTGTTGCTGTCATGAAAAGAATAAATATTGTTTCAATATTTTCAATTTTAGAGACCAAAT 
-355   GATTTTTCCCCTCCATCACGCATCAGAAAAGACACTATCACACAAATAACCTGCATTTGC 
-295   GTATTTGTCTTCATTAAAATGTAATTTTGAGAGGACAGCGTGTAAACTGCACTAAACTTT 
-235   CTGTATCTCCATAGCAACATGTCACATTTGATGAACATTTTAAGTAGCAGCACTGGCCTC 
-175   ACAACAGTATTCTTACACACAAAGTCAAATACAGTCAGACGGAAGGTGACTAATGGGCCG 
-115   AGCGTAACGGCAGATAAGATGAGGTTTCTGTGACGGGGGGAGTCACCTGGGAGGACGCTG 




               
Figure 4-10, Fugu gcg promoter sequence (A) and transient expression analysis 
(B-D). A, The 655-bp gcg promoter. The number is relative to the transcription start 
site, TATA box is boxed. B, GFP expression on the skin at 48 hpf . C, GFP expression 
in neuron cells at 48 hpf. D, GFP expression in intestine cells at 48 hpf. White arrows, 














4.3 Discussion  
4.3.1 sst2 promoter analysis  
Sst gene is expressed in several tissues in mammals, such as central and 
peripheral nervous systems, pancreas, intestine and stomach (Patel, 1999). The 
regulation of its expression has been well studied in endocrine pancreas. Basically, a 
120-bp 5’ proximal promoter is sufficient to confer δ-cell specific expression in 
transfection assays (Vallejo et al., 1992). In this 120 bp region, a SMS-UE element 
works together with a CRE element to drive δ-cell specific expression. Transcription 
factors such as PDX1 and PAX6 were reported to bind to these elements and to be 
involved in sst transcription (Andersen et al., 1999).   
In this study, a 2,467-bp zebrafish sst2 promoter was isolated and shown 
sufficient to drive GFP expression in sst2 expressing cells including δ-cells in 
pancreas, endocrine cells in the intestine and floor plate cells in early embryos by both 
transient and transgenic expression in zebrafish. Although the zebrafish 2,467- bp sst2 
promoter showed no conserved region with mammalian counterparts, it has the ability 
to confer δ-cell specific expression. Similarly, the 2-kb zebrafish elaA promoter has 
no conserved region when compared to mammalian elaA sequences and it can also 
direct faithful exocrine pancreas expression in transgenic zebrafish (Wan, 2002). 
Thus, it seems that zebrafish promoter sequences are highly divergent from those of 
mammals. 
Furthermore, transcription binding sites were also predicted in the sst2 promoter. 
Similar with rat promoter, CREB, PAX6 and PAX4 binding sites were predicted in 
this region, whereas these factors are distributed in a different manner compared with 
those in rat. Thus, by comparison of conserved region and transcription factor binding 
sites, it has shown that the sequence and arrangement of transcription regulatory 
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elements of zebrafish sst2 promoter are different from that of rat.  
To facilitate the identification of the region responsible for sst2 gene expression, 
three deletion constructs were generated. The 2,110-bp and 1,016-bp constructs 
retained the ability to drive pancreatic GFP expression though at a decreased 
frequency. In contrast, the 202-bp construct lost the ability completely. This is in 
contrast to the rat sst promoter where the 120-bp region is sufficient for pancreatic 
cell expression in transfection assays. These observations suggest that the regulatory 
elements in the zebrafish sst2 promoter are located in the relatively distal area. In the 
zebrafish sst2 promoter, the 814-bp region (between -1,016 and -202) contains 
putative PAX4 and PAX6 sites that may be crucial for sst2 expression. Our promoter 
deletion analysis in the transient transgenic systems is consistent with this notion. 
Although the deletional mutant is commonly used to define the functional promoter 
regions, such mutant DNA may cause perturbation of the chromatin configuration. 
Thus to better define the binding sites responsible for sst2-specific expression, 
transgenic lines with subtle substitution of nucleotides should be generated, especially 
in the region between -1,016 and -202. 
In summary, by comparison with mammalian sst promoters, the 2,467-bp 
zebrafish sst2 promoter has similar regulatory elements based on sequence prediction 
although they are arranged in a different manner. Meanwhile, the whole sequence of 
this promoter does not share conserved region with those of mammals. Hence, 
different sequences and arrangement of regulatory elements could have similar ability 
to drive sst expression in both zebrafish and mammals.  
4.3.2 Generation of stable Tg(sst2:gfp) line and analysis of pancreas development  
The living color transgenic zebrafish facilitates the in vivo observation and 
therefore has many applications in developmental biology study such as analyzing 
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promoter/enhancers and upstream regulatory factors, tracing cell migration and cell 
lineage, facilitating cell sorting and mutagenesis screening. Following the first stable 
GFP transgenic zebrafish under a homologous zebrafish promoter (Long et al., 
1997), many GFP transgenic zebrafish lines have been reported (reviewed by Gong 
et al., 2001). Recently, several GFP lines targeting GFP expression in endoderm 
tissues have been established (Ober et al., 2003; Field et al., 2003; Huang et al., 
2001; Wan et al., 2006). For example, two GFP transgenic lines, Tg(ins:gfp) and 
Tg(pdx-1:gfp) (Huang et al., 2001), targeted for endocrine pancreas expression and 
one GFP transgenic line, Tg(elaA:gfp) (Wan et al., 2006), targeted for exocrine 
pancreas expression were generated to investigate pancreas development.  
In the present study, we generated a new endocrine pancreas transgenic line 
with specific GFP expression in δ-cells. By following GFP expression in Tg (sst2: 
gfp) line, we were able to follow development of δ-cells continuously from 
embryonic stages to adulthood in zebrafish. δ-cells were grouped together when GFP 
was firstly detected at 20 hpf in Tg(sst2:gfp) line. This is consistent with the 
observation by WISH that δ-cells already grouped themselves into an islet at 20-
somite stage when β-cells were still dispersed. These β-cells only integrate into the 
δ-cell islet at 24 hpf (Kim et al., 2006). Further analyses in this paper indicated that 
δ-cells were specified in a separate domain from those of β- and α- cells. Thus, 
although δ-cells are the second cells appearing in zebrafish development, they are 
the first to form an islet.  
Subsequently, δ-cells are clustered along the gut and embedded in the exocrine 
pancreas in adult. This organization of islets is similar to that in mammals. It has 
been estimated that there are about one million islets in human pancreas and several 
hundreds to several thousands in the rat embedded in exocrine pancreas (Hughes, 
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1956). Similarly, examination of adult Tg(ins:gfp) zebrafish showed similar pattern 
of GFP positive cells embedded in exocrine pancreas along the gut. It would be 
interesting to verify the origin and development of these cells since they may 
provide clues for generation of endocrine cells. Whether these small clusters of sst 
expressing cells are organized together with other three endocrine pancreatic cells is 
still not clear. Thus, double or triple color transgenic lines, where each color reporter 
gene under a different endocrine cell-specific promoter, are needed for in vivo 
observation.  
In addition to the pancreatic expression of GFP, all three Tg(sst2:gfp) lines also 
showed GFP expression in the gut from embryonic stages to the adult. Since the 
number of gut GFP positive cells is different between the strong GFP expression 
group and the weak GFP expression group of line 3 (as well as line 1 and line2), it 
seems that the gut sst2 expressing endocrine cells are heterogenic. Alternatively, the 
difference is due to chromosome effect as it is possible that there are more than one 
insertions in the line 3 founder and one of the insertions may be affected by a gut 
enhancer. Although it is not clear whether the gut GFP-positive cells are sst2 
expression cells or not, it is likely that they are sst2 expressing enteroendocrine cells 
by comparison of GFP expression with that of Tg(nkx2.2a:mEGFP) line, in which all 
types of intestine endocrine cells are labeled by GFP expression (Ng et al., 2005). The 
localization and cell shape of the intestine GFP positive cells of Tg (sst2:gfp) (line 3) 
are similar with those reported in the Tg (nkx2.2a:mEGFP) line (Ng et al., 2005), but 
the density of GFP-positive cells in Tg (sst2:gfp) (line 3) is less than that in Tg 
(nkx2.2a:mEGFP). This indicates that the gut GFP positive cells in Tg (sst2:gfp) may 
represent only a subset of enteroendocrine cells.  
In addition to monitor normal development, transgenic line could also facilitate 
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better understanding of regulation of the developmental process. Zebrafish has 
become a prominent model for pancreas development. So far, many studies have 
revealed that the morphogenesis and signaling pathways are conserved between 
zebrafish and mammals. Some genes important for pancreas development in mouse 
or rat have been reported to have similar function in zebrafish, e.g. islet-1  (Inoue et 
al., 1994), pdx-1 (Yee et al., 2001; Huang et al., 2001a; Milewski et al., 1998) and 
nkx2.6 (Gnugge et al., 2004). The Tg(sst2:gfp) transgenic zebrafish will greatly 
facilitate analyses of these and other factors in pancreatic δ-cell development by 
gain- or loss- of function approaches. More importantly, transgenic zebrafish could 
also provide opportunities to reveal new signaling pathways or new functions of 
known signals in pancreas development. Using the Tg(ins:gfp) line, Kim et al., 
(2005) revealed a new function of Wnt5 signaling in regulating β-cell migration in 
zebrafish. The function of this signaling was further shown to be conserved in mouse 
pancreas development (Kim et al., 2005). Compared with intensive studies in β-cells, 
δ-cells are poorly understood in all vertebrate. Thus, this Tg(sst2:gfp) line could be a 
good starting point for investigation of δ-cell development. This transgenic line 
could also be used to characterize mutants in more detail in order to understand the 
roles of the mutated genes in δ-cell development. Furthermore, an RFP transgenic 
line under the sst2 promoter, which is currently developed, could be used to cross 
with existing pancreas GFP lines, such as Tg(elaA:gfp) and Tg(ins:gfp) to produce 
two-color transgenic lines for investigating cell origin, cell relationship of δ-cells 
with exocrine and other endocrine cells either in normal development or under 
manipulated condition.  
4.3.3 Gcga promoter analysis  
As mentioned in section 4.2.1 that 200-bp 5’ upstream sequence of the rat gcg 
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gene is sufficient for conferring α-cell specific expression (reviewed in Kieffer and 
Habener, 1999). Thus, it is expected that the 1,578-bp proximal fragment from 
zebrafish gcga gene isolated in this study could drive α-cell specific expression in 
zebrafish. However, by transient expression analysis, this 1,578-bp promoter could 
not convey a specific expression in pancreas. Furthermore, attempt to use fugu 655-bp 
gcg promoter to drive zebrafish pancreas specific GFP expression also failed.  
There are several possibilities to explain these results. Firstly, this may be due to 
different arrangement or requirement of the length of regulatory sequences for gcg 
transcriptions between mammals and fish. It has been reported that three elements 
(G1, G2 and G3) which are important for gcg expression are conserved both in their 
relative position and in their sequence by comparison of the promoter regions of rat 
and human gcg genes (Phillipe et al., 1988). In contrast, no obvious conserved region 
could be identified by comparison of either the 1,578-bp zebrafish gcga promoter 
sequence or the 655-fugu gcg promoter sequence from our study to that of rat or 
human gcg gene. In comparison, the elaA promoter in zebrafish needs about 800 bp to 
convey an exocrine pancreas specific expression while around 200 bp is enough for 
exocrine pancreas specific expression of rat elastaseI gene (Wan et al., 2006; Ornitz 
et al., 1987). In addition, in ins promoter, around 900 bp is needed for zebrafish β 
cell-specific expression while about 350 bp is enough for the rat ins gene (Huang et 
al., 2001b; Whelan et al., 1989). Thus, it seems that the zebrfish requires longer 
promoters for pancreas expression than mammals. Secondly, this may be due to the 
fact that regulatory elements are located in other areas such as further 5’ upstream, 
introns and 3’ flanking region. Thirdly, the faithful transcription activity of either the 
1,578-bp zebrafish promoter or the 655-bp fugu promoter may be present only in the 
stable transgenic line and we did not explore the possibility in this study. Similar to 
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this hypothesis, we observed that liver fatty acid binding protein (lfabp) promoter 
drives specific expression in liver in the stable transgenic line, whereas it seldom 
drives reporter gene expression in liver in transient expression (from our lab data). In 
addition, two gcg genes have been predicted in fugu (Zhou and Irwin, 2004); 
however, there is no report on the expression of these two genes. Other than the points 
discussed above, it is also possible that the fugu promoter isolated in this study is not 
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Exocrine and endocrine pancreas are closely related in development. By 
analyses of signaling pathways in pancreas development, it has been reported that 
exocrine and endocrine pancreas share the same progenitors and different signals are 
responsible for their distinct cell fates. (Horb and Slack, 2000; Gittes et al., 1996; 
Miralles et al., 1998; Chen et al., 2004; Pieler and Chen, 2006). However, mutant 
(Mayer and Fishman, 2003; Yee et al., 2005; Pack et al., 1996) and cell ablation 
analyses (Palmiter et al., 1987) in mammals indicated that endocrine pancreas 
remained unaffected when exocrine pancreas was altered or ablated, suggesting that 
development of endocrine pancreas is independent of exocrine pancreas. In addition, 
cell lineage studies within the endocrine pancreas indicated that β- and α-cells are 
developed independently, whereas, pp-cells are indispensable for β- and δ-cells  
(Herrera et al., 1994; Herrera, 2002). However less information is known about the 
lineage relationship between δ-cells and other types of endocrine cells. As mentioned 
in Chapter IV that the zebrafish endocrine pancreas development differs from that of 
mammals in their ontogeny and relative location  (Ahlgren et al., 1997; Herrera, 2000; 
Teitelman et al., 1993; Upchurch et al., 1994; Argenton et al., 1999; Biemar et al., 
2001), it is likely that some differences may exist in endocrine pancreas cell lineage 
relationship between zebrafish and mammals.  
Diphtheria toxin gene A chain (DTA) is a subunit of diphtheria toxin gene (DT) 
encoded protein, it functions to inhibit protein synthesis and kill the cell where it is 
expreseed. Another subunit is called diphtheria toxin gene B chain which functions to 
bind to the surface of the cell membrane and mediate the delivery of A chain. Without 
B chain, A chain could not enter cells (Palmiter et al., 1987). DTA-mediated cell 
ablation is an established method to study cell lineage relationship. It has long been 
used in transgenic mice to ablate a variety of cell lineage in the pancreas, pituitary, 
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heart and adipose tissue (Palmiter et al., 1987; Herrera et al., 1994; Behringer et al., 
1988; Lee et al., 1998; Ross et al., 1993; Lowell et al., 1993). In contrast, this method 
is still in its infancy in zebrafish. Before our recent publication of this work (Wan et 
al., 2006), only one study was reported in zebrafish to ablate lens cells under the αA-
crystallin promoter (Kurita et al., 2003). In this study, DTA cell ablation method was 
employed to eliminate either exocrine pancreas (elaA expressing cells) or endocrine 
pancreas (ins or sst2 expressing cells) and their relationship during development was 
then investigated. In addition, cell lineage relationship within the endocrine pancreas 
as well as the relationship between pancreas and other endoderm organs including the 
liver and intestine were also examined. 
5.1 Ablation of the exocrine pancreas  
5.1.1 Specific ablation of exocrine pancreas by transient expression of DTA 
under the elaA promoter  
In order to examine the mutual relationship of the exocrine and endocrine 
pancreas in development, DTA was expressed in the exocrine pancreas under the 
control of acinar cell-specific elaA promoter in the Tg(elaA:gfp) embryos. As shown 
in Fig. 5-1C and D, significant reduction or complete absence of GFP expression in 
the exocrine pancreas was observed in most injected Tg(elaA:gfp) embryos. To test 
the effectiveness of this approach, different concentrations of pElaA-DTA were 
injected into Tg(elaA:gfp) embryos. A dose-dependent effect was obvious, as 
injection of increasing concentrations of the DTA construct resulted in increasing 
reduction of GFP expression (Table 5-1). To ensure the specificity of pElaA-DTA, a 
shorter elaA promoter, dElaA(441 bp), which was proven to be non-functional in 
pancreas in our previous study (Wan et al. 2006), was used to drive DTA expression 
in the Tg(elaA:gfp) embryos. None of the injected embryos showed either reduction 
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or absence of GFP expression (Fig. 5-1B), indicating the effect of pElaA-DTA is 
specific. These results suggest the specificity and effectiveness of transient cell 
ablation approach for acinar pancreas cells of zebrafish. Thus the transient expressed 
DTA functions specifically and effectively in the exocrine pancreas.  
As shown in Fig. 5-1C and D, when pElaA-DTA was injected into the 
Tg(elaA:gfp) embryos, two arbitrary phenotypes were defined based on the severity: 
significant reduction of GFP expression (type I, Fig. 5-1C) and complete absence of 
GFP expression (type II, Fig. 5-1D). Among the reduction group, GFP expression was 
reduced either throughout the whole exocrine pancreas or restricted only to the 
posterior exocrine pancreas. None of the embryos showed reduced or no GFP 
expression only in the anterior exocrine pancreas. To verify the observations in the 
Tg(elaA:gfp) embryos, elaA antisense probe was used in the fry with type II 
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Table 5-1    Summary of phenotypes of Tg(elaA:gfp) embryos after injection of 
pElaA-DTA at 6 dpf 




Type I (%) 
GFP absent –
Type II (%) 
Control 102 83 (81.4%) 83 (100%) 0 0 
pElaA-DTA 
(50 pg) 
249 187 (75.1%) 105 (56.1%) 51 (27.3%) 31 (16.6%) 
pElaA-DTA 
(100 pg) 
205 146 (71.2%) 47 (32.2%) 58 (39.7%) 41 (28.1%) 
pElaA-DTA 
(200 pg) 




















Fig 5-1 Effects of exocrine pancreas ablation by injection of pElaA-DTA. All 
larvae (6 dpf) are Tg(elaA;gfp) fry shown in lateral view. A-D, Exocrine pancreatic 
GFP expression in a control fry (A), in the pdElaA-DTA injected fry (B), pElaA-DTA 
injected fry with type I phenotype (C) and type II phenotype (D). E-J, Control or 
injected larvae after hybridization with different probes as indicated on the left. Only 
type II fry were selected for in situ hybridization. The white dot lines in E-J indicate 
the probed regions.  
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In addition, we also examined the liver and intestine markers in the fry with type 
II phenotype by using the intestinal fatty acid binding protein (ifabp) and transferrin 
(tf) probes (Mudumana et al. 2004) respectively. None of the examined embryos 
displayed abnormal expression of the two markers (Fig. 5-1H and J). Similarly, none 
of the embryos in other injected groups displayed abnormal expression of ifabp and tf. 
Thus, despite the close relationship of exocrine pancreas with liver and intestine, the 
development of liver and intestine was apparently not affected by the lack of the 
exocrine pancreas.  
5.1.2 Endocrine cells are not affected by pElaA-DTA ablation 
Endocrine pancreas cells are residing inside the head part of the exocrine 
pancreas at 6 dpf in zebrafish. In order to examine the effect of ablation of exocrine 
pancreas on development of endocrine lineage, WISH with selected endocrine 
pancreas markers was performed for larvae with complete loss of GFP expression 
(type II phenotype). All examined endocrine cells were not affected, including ins-
expressing β-cells (Fig. 5-2B), gcga-expressing α-cells (Fig. 5-2D) and sst2-
expressing δ-cells (Fig. 5-2F). To further examine the effect of exocrine pancreas 
ablation, both normal and GFP-reduced larvae (type I phenotype) were examined for 
endocrine pancreas cells. Similarly, in these groups there was no change in the three 
types of endocrine cells (data not shown). In addition, wild type embryos injected 
with this plasmid were also examined and similar results were obtained (data not 
shown).  
So far the observation stage was relatively late at 6 dpf. To address the 
possibility that the endocrine cells were affected earlier and recovered by 6 dpf, early 
stage embryos were also examined. As reported in our previous publication (Wan et 
al., 2006), elaA mRNA was first found in the exocrine pancreas around 56 hpf, but 
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became apparent only until 65 hpf. By consideration of the lag of protein translation, 
the earliest stage to examine the effect of exocrine cell ablation was set at 72 hpf. In 
all those injected embryos (n=46) where the exocrine pancreas has been completely 
ablated as judged by the absence of GFP expression, there were no change in the 
expression of all three endocrine markers (Fig.5-2H, J and L). Thus, it seems that 
differentiation and existence of endocrine pancreas cells are independent of exocrine 
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Fig 5-2 Effects of exocrine pancreas ablation on endocrine pancreatic cells. 
Whole mount in situ hybridization of different endocrine pancreas markers (indicated 
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Injection of the pElaA-DTA construct into Tg(elaA:gfp) embryos resulted in 
complete ablation of GFP-expressing exocrine pancreatic cells in 16.6 % of injected 
embryos (Table 5-1). However, none of the examined α-, β- and δ- endocrine cells 
were affected, suggesting that endocrine cells are capable of differentiating in the 
absence of exocrine pancreas. This is consistent with analysis of several mutants 
(Mayer and Fishman, 2003) such as slimjim (slj) and nil per os (npo) mutants, where 
differentiated exocrine pancreatic cells were completely absent but β-cells remained 
developed. Similarly, in the transgenic mice expressing DTA under the elastase I 
promoter/enhancer, development of exocrine pancreas was suppressed but insulin-
positive β-cells were not affected (Palmiter et al., 1987). Furthermore, down-
regulation of exocrine transcription factor Ptf-1 resulted in specifically missing of 
exocrine pancreas, while the endocrine pancreas was not affected (Lin et al., 2004; 
Zecchin et al., 2004). Therefore, our results obtained by a different approach provided 
additional evidence that differentiation of endocrine pancreatic cells in zebrafish is 
independent of the exocrine pancreas.  
In addition, it is interesting to note that in the exocrine pancreas reduction group 
only embryos lacking GFP expression in the posterior exocrine pancreas were 
observed (Fig. 5-1C) and no embryos showed absence of GFP expression in the 
anterior exocrine pancreas. This is reminiscent of our previous observation that down-
regulation of islet-1 mainly affected the posterior exocrine pancreas (Wan et al., 2006). 
A recent study also showed a reduction of posterior extension of pancreas after 
inhibition of mnr2a suggesting a role of mnr2a in the proliferation of late exocrine 
progenitor cells (Wendik et al., 2004). Thus, these observations suggest that anterior 
and posterior exocrine pancreas has differential properties and regulation.  
 
 Chapter 5 
 138
5.2 Ablation of ins expressing β-cells  
5.2.1 Specific ablation of ins expressing β-cells by transient expression of DTA 
under the ins promoter  
In order to investigate the endocrine pancreas cell lineage during development, 
pINS-DTA construct was injected into both wild type and the Tg(ins:gfp) embryos.  
Firstly, ins probe (Fig.5-3A) and anti-GFP antibody (Fig.5-3B) were used 
together on Tg(ins:gfp) embryos to examine the specificity of ins promoter. As shown 
in Fig 5-3C, GFP expression overlapped with all ins mRNA positive cells, thus 
confirming the specificity of ins promoter to drive the GFP reporter gene to be 
expressed only in endogenous ins expressing β-cells. Secondly, to examine the 
specificity of DTA expression by transient transgenic method, pINS-GFP and pINS-
DTA constructs were co-injected into the wild type embryos. In the control group 
injected with only pINS-GFP, around 30% of injected embryos showed GFP 
expression in the pancreas starting from ~24 hpf (Fig 5-3D). In contrast, the co-
injected group did not show any GFP expression (Fig. 5-3E). This indicates that 
pINS-DTA effectively eliminated all GFP-expressing β-cells. Furthermore, pINS-
DTA was also injected into Tg(ins:gfp) embryos to examine the specificity in vivo. As 
shown in Fig. 5-3G, the number of GFP positive β-cells were greatly reduced  
compared to uninjected Tg(ins:gfp) embryos (Fig.5-3F). To demonstrate the 
specificity of the pINS-DTA construct in these observation, a shorter version of ins 
promoter (602 bp), which in previous promoter analysis study was shown to be non-
functional (Huang et al., 2001), was used to drive DTA expression in the Tg(ins:gfp) 
embryos. None of the injected embryos showed either reduced or absent GFP 
fluorescence (Fig. 5-3H), indicating that the effect of pINS-DTA is specific.  
 




Fig 5-3 Ablation of β-cells by specific expression of DTA under the ins promoter. 
A-C,  ventral view of 35 hpf Tg(ins:gfp) embryo with expression of ins mRNA 
detected by in situ hybridization(A), GFP (B) and combination of GFP (green) and ins 
mRNA (blue) images(C). D, expression of GFP in 24 hpf embryo after injection of 
pINS-GFP. E, Lack of GFP expression in 24 hpf embryos by co-injection of pINS-
GFP and pINS-DTA. F-H, dorsal view of Tg(ins:gfp) embryos in control (F), pINS-
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To monitor the effectiveness of pINS-DTA, different doses were injected into 
the Tg(ins:gfp) embryos. The pINS-DTA construct caused reduced or absent GFP 
expression around 26 hpf. A dose-dependent effect was also apparent, as injection of 
higher concentrations of the DTA construct resulted in higher rates of GFP reduction 
(Table 5-2). In combination, the above experiments suggest that transient expression 
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Table 5-2.  Summary of phenotypes of Tg(ins:gfp) embryos at 26 hpf after 
injection of pINS-DTA 







Control 124 115 (92.7%) 115 (100%) 0 0 
pINS-DTA 
(50 pg) 
126 115 (91.3%) 72 (62.6%) 38 (33%) 5 (4.3%) 
pINS-DTA 
(100 pg) 
168 140 (83.3%) 65 (46.4%) 69 (49.3%) 6 (4.3%) 
pINS-DTA 
(200 pg) 
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5.2.2 Analysis of recovery of β-cells in pINS-DTA injected embryos  
To further investigate β-cells at different stages after DTA ablation, the GFP 
cells in pINS-DTA injected Tg(ins:gfp) embryos were monitored for 3 days. At 26 
hpf, ~50% of pINS-DTA injected Tg(ins:gfp) embryos showed reduced GFP cells and 
a small number (3.8%) had no detectable GFP cells in the pancreas (Table 5-3) (Fig. 
5-4A’). Similarly, GFP reduction and absence were also observed in the injected 
embryos at both 35 hpf and 3 dpf (Table 5-3) (Fig. 5-4D’ and G’). To better 
understand the dynamic change of GFP-positive β-cells in pINS-DTA affected 
embryos, embryos were sorted at 26 hpf according to their estimated number of GFP–
positive cells, namely GFP-normal group (with normal number of GFP-positive cells), 
GFP-reduced group (with less GFP-positive cells) and GFP-absent group (with no 
GFP-positive cells) (Fig. 5-5A). By 35 hpf, most embryos from these three groups 
maintained the number of GFP-positive cells compared to 26 hpf. However, by 3 dpf, 
in the GFP-absent group (n=8), all embryos regained GFP expression: one showed 
normal GFP expression and the remaining seven showed reduced number of GFP-
positive cells (Fig. 5-5A). In the GFP-reduced group, 29.7 % embryos regained 
normal number of GFP-positive cells, while the other 71.3% remained reduced GFP-
positive cells (n=111) (Fig. 5-5A). In contrast, only 2% embryos in the GFP-normal 
group showed reduced GFP-positive cells, others (98%) maintained normal GFP 
expression (n=140) (Fig 5-5A). These observations indicate that either non-ins 
expressing progenitors exist for producing new β-cells or some of the existing ins 
expressing cells have the ability to produce new β-cells, or both.  
The phenomenon that existing β-cells are capable of generating new β-cells has 
been demonstrated in adult mice, where new β-cells are mainly derived from existing 
β-cells rather than stem cells (Dor et al., 2004). In zebrafish, Pisharath et al., (2007) 
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have shown that β-cells could be recovered from cell ablation between 48 hpf to 84 
hpf. Further analyses by Pisharath et al., (2007) on the mechanism of β-cell recovery 
suggested that both the non-β cells and the existing β-cells have the ability to 




















 Chapter 5 
 144
 
 Chapter 5 
 145
 
Fig 5-4 Effect of β-cell ablation on endocrine pancreas cells. The probe and 
transgenic lines are indicated at the top. The stages are indicated on the left. Control 
embryos are (A-C), (D-F) and (G-I); pINS-DTA injected embryos are in (A’-C’), (D’-
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5.2.3 Effect of β-cell ablation on α- and δ-cells  
In addition to β-cells, α-cells were examined by using gcga marker in the β-cell 
ablated embryos. At 26 hpf and 35 hpf, it is obvious that the gcga expressing α-cells 
were also reduced or absent (Fig 5-4B’ and E’). Surprisingly, we consistently 
observed a more profound effect of pINS-DTA on α-cells than β-cells (Table 5-3).  
We next examine the effect of β-cell ablation on δ-cells by injecting pINS-DTA 
into Tg(sst2:gfp). Unlike the great reduction or absence of α-cells, most embryos 
showed normal number of GFP-positive δ-cells (~90%) and no GFP- absent embryo 
was found (Table 5-3). This phenomenon was maintained from 26 hpf till 3 dpf (Fig 
5-4C’, F’ and I’).  
Thus, our observation suggested that development of α-cells, but not δ-cells, was 
dependent on β-cells. The different behaviors of α-and δ-cells also suggested that the 
DTA under the ins promoter did not uniformly affect all endocrine pancreas cells and 
















Fig. 5-5 Summary of β-cell ablation. A, Tg(ins;gfp) embryos injected with pINS-
DTA were separated at 26 hpf and monitored for 3 days to observe the β-cell 
recovery. Detailed description is in section 5.2.2. B, Tg(ins;gfp) embryos injected 
with pINS-DTA were stained with gcga probe according to different Tg(ins:gfp) 
groups. Detailed description is in section 5.2.3. The blue bars indicated the percentage 
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To further investigate the relationship of β- and α-cells during development, 
detailed analysis was carried out in Tg(ins:gfp) embryos with pINS-DTA injection. 
Because the expression of gcga is very weak at 26 hpf, in order to distinguish the 
normal and reduced gcga expressing embryos, we set our examination stage at 35 hpf. 
At this stage, the injected Tg(ins:gfp) embryos were separated into the GFP-normal 
group and GFP-reduced group. Then the gcga probe was used for WISH in both 
groups. In the GFP-reduced group 84.5 % (n=71) (Fig. 5-5B) embryos showed 
reduction or even absence of α-cells, indicating that α-cells are often affected together 
with β-cells. This suggests that α-cells are dependent on β-cells either in the same cell 
lineage or by an indirect paracrine way. Moreover, in the GFP-normal group, there 
were also embryos with reduction or absence of α-cells, although the percentage (44% 
n=84) (Fig 5-5B) is lower than that in GFP-reduced group. In agreement with the 
above observations, double staining with both ins and gcga probes on pINS-DTA 
injected embryos showed that α-cells were always more seriously affected than β-cells 
in the same embryos (Fig. 5-6B, C). We observed that some injected embryos showed 
ins mRNA expression without gcga mRNA expression (n=16) (Fig. 5-6C), but we 
never observed any embryo with gcga mRNA but not ins mRNA. A possible 
explanation of the observation is that β-cell progenitors which do not express ins may 
exist. They could give rise to new β-cells when β-cells are reduced or absent. 
However, progenitors for α-cells may also express ins; as such when these early ins-
expressing cells were ablated, α-cells will become reduced or disappeared rather than 
β-cells. As a result, we observed more severe defect of α-cells than that of β-cells. The 
existence of non-ins expressing progenitors was supported by the observation that all 
β-cell-absent embryos regained ins expression (100%, n=8) by 3 dpf (Section 5.2.2).  
 




Fig 5-6, Double in situ hybridization of ins (red) and gcga (blue) on wild type and 
pINS-DTA injected embryos. All are ventral view of  de-yolked embryos at 35 hpf . 
A, Uninjected control embryo. B and C, pINS-DTA injected embryos, showing 
redution of ins and gcga expressing cells (B) and absence of gcga expressing cells (C). 
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In the above β-cell ablation experiments, unlike the severely affected α-cells, δ-
cells were not apparently affected. Recently, several endocrine pancreas mutants of 
zebrafish have been reported (Kim et al., 2006). Among them, they found β- and α-
cells were specified in adjacent areas, whereas δ-cells were specified in a separate 
domain. The close domain of β- and α-cells suggests that they may depend on each 
other during development, while the fact that δ-cells are distinct from β-cells is 
consistent with their independence during development. This may provide some clues 
toward understanding of our results that α-cells were also affected in β-cell ablation 
whereas δ-cells were not. In contrast to our observation, Pisharath et al., (2007) 
showed α- and δ-cells were not affected in β-cell ablation using E. coli nitroreductase. 
However, the starting stage of cell ablation may account for the difference. In our 
experiment, the pINS-DTA was injected into one cell stage and DTA was supposed to 
be expressed when endogenous ins gene was expressed which is as early as 12 somite 
stage (around 15 hpf) (Biemar et al., 2001). However, Pisharath et al., (2007) did cell 
ablation starting from 56 hpf which is much later than ours. This difference suggested 
that ins expressing cells at early stages may differ from those of later stages. In early 
stage ins expressing cells may be progenitor of α-cells and thus essential for α-cell 
differentiation.  
5.3 Ablation of sst2 expressing δ-cells  
5.3.1 Specific ablation of δ-cells by transient expression of DTA under the sst2 
promoter 
In addition to the ablation of β-cells, the DTA ablation approach was also 
applied in sst2 expressing δ-cells. As demonstrated in Chapter IV, GFP under the 
2,467-bp sst2 promoter was expressed only in sst2 expressing cells (Fig. 4-6G-I). To 
examine the specificity of pSST2-DTA, we used a similar approach as we did with 
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pINS-DTA. As shown in Fig. 5-7B, the embryos co-injected with pSST2-GFP and 
pSST2-DTA (n=80) showed no GFP expression, whereas 25% of the control group 
(injected with pSST2-GFP alone) showed GFP expression in pancreas at 26 hpf (Fig. 
5-7A). In comparison, when pSST2-GFP and pINS-DTA plasmid were co-injected, 
27% embryos showed normal GFP expression (Fig.5-7C), indicating the specificity of 
DTA ablation. In addition, injection of pSST2-DTA into the Tg(sst2:gfp) embryos 
showed a great reduction of GFP-positive cells (Fig.5-7E) compared to the un-
injected embryos (Fig.5-7D). In contrast, injection of a non-functional shorter version 
of sst2 promoter (203 bp) (Chapter IV) showed neither reduction nor absence of GFP 
fluorescence (Fig. 5-7F). Similar to β–cell ablation, a dose-dependent effect was also 
obvious at 26 hpf (Table 5-4). Thus, these observations demonstrated the DTA is 
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Table 5-4.  Summary of phenotypes of Tg(sst2:gfp) embryos after injection of 
pSST2-DTA at 26 hpf 







Control 264 254 (96.2%) 254 (100%) 0 0 
pSST2-DTA 
(25 pg) 
153 110 (71.9%) 99 (90%) 11 (10%) 0 
pSST2-DTA 
(50 pg) 
533 275 (51.6%) 154 (56%) 121 (44%) 0 
pSST2-DTA 
(100 pg) 




















Fig 5-7 Ablation of δ-cells by specific expression of DTA under the zebrafish sst2 
promoter. A, Expression of GFP in 26 hpf embryos by injection of pSST2-GFP. B, 
No GFP expression in 26 hpf embryos by co-injection of pSST2-GFP and pSST2-
DTA. C, Expression of GFP in 26 hpf embryos by co-injection of pSST2-EGFP and 
pINS-DTA.White arrows indicate GFP expression in pancreas.  D-F, dorsal view of 
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5.3.2 Analysis of recovery of δ-cells in pSST2-DTA injected embryos 
Similar to β-cell ablation, δ-cells after pSST2-DTA ablation was also examined 
for 3 days (Table 5-5) (Fig 5-8A’, B’, C’). The percentage of embryos with reduced 
GFP-positive cells (45% at 26 hpf, Table 5-5) is much higher than that in pINS-DTA 
ablation (11.2% at 26 hpf, Table 5-3). This further proves the specificity of the sst2 
promoter. However, compared to earlier stages (26 hpf and 35 hpf), by 3 dpf only a 
small percentage (13.8%) of embryos showed reduced GFP-positive cells (Table 5-5), 
while others showed normal GFP-positive cells (Fig 5-8C’), indicating the dynamic 
changes of δ-cell mass at different stages in pSST2-DTA ablation. To better 
understand the changes, Tg(sst2:gfp) embryos were used for in vivo observation. 
Similar to the recovery experiments in β-cell ablation (Section 5.2.2), embryos were 
sorted at 26 hpf into the GFP-normal group and GFP-reduced group (Fig. 5-9A). By 3 
dpf, only 1.3% embryos in the GFP-normal group showed reduced GFP-positive cells 
(n=78). In contrast, around 68.6% embryos in the GFP-reduced group regained 
normal GFP-positive cells (n=51). This recovery of GFP-positive cells is different 
from the β-cell recovery, where only a small portion of embryos regained normal 


















Fig 5-8 Effect of δ-cell ablation on endocrine pancreas cells. The stages are 
indicated on the top. The probe and transgenic lines are indicated on the left. Control 
embryos are (A-C), (D-F) and (G-I); pSST2-DTA injected embryos are (A’-C’), (D’-
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5.3.3 Effect of δ-cell ablation on β- and α-cell 
5.3.3.1 Effect of δ-cell ablation on β-cells 
As δ-cells were not apparently affected in β-cell ablation (Section 5.2.3), β-cells 
were also examined in δ-cell ablation by injection of pSST2-DTA into the Tg(ins:gfp) 
embryos for comparison. At 26 hpf and 35 hpf, around 45% embryos showed 
reduction in GFP-positive cells (Table 5-5) (42.2% at 26 hpf, Fig. 5-8G’; 48.6% at 35 
hpf, Fig. 5-8H’). Thus, β-cells were affected in δ-cell ablation in a comparable manner 
as δ-cells. By 3 dpf, 35.2% embryos showed reduction in GFP-positive cells (Table 5-
5) (Fig. 5-8I’).  
To better understand the dynamic change of β-cells in δ-cell ablation, Tg(ins:gfp) 
embryos injected with pSST2-DTA were sorted at 26 hpf into the GFP-reduced group 
and GFP-normal group (Fig. 5-9B). By 3 dpf, there was a recovery of β cells (28.6%, 
n=40) in the GFP-reduced group; however, compared with the recovery of δ-cells 
(68.6%, Fig 5-9), β-cell recovery is much less. This is comparable with recovery of β-
cells in β-cell ablation (29.7%, Section 5.2.2, Fig 5-5A). In contrast, in the GFP-
normal group, only 3.6% embryos showed reduced GFP-positive cells (n=55). 
Therefore, only a portion of embryos in the GFP-reduced group recovered by 3 dpf, 
suggesting that only some of the differentiated β-cells could renew themselves. 
In order to examine the relationship between β-cell reduction and δ-cell 
reduction, Tg(ins:gfp) embryos injected with pSST2-DTA were separated into the 
GFP-reduced group and GFP-normal group at 26 hpf (Fig. 5-9C). Then WISH using 
sst2 probe was performed for these two groups separately. In the GFP-reduced group, 
76.7% (n=73) embryos showed reduction in δ-cells, while in the GFP-normal group, 
only 18.4% (n=98) embryos showed reduction in δ-cells. Thus it seems that most 
embryos showed simultaneous reduction of both δ- and β-cells. It has been reported 
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that that sst2 and ins are co-expressed in some cells during pancreas development in 
zebrafish (Argenton et al., 1999). It is reasonable to observe reduction of some β-cells 
in δ-cell ablation because of the chances that DTA may be expressed in the co-
expressed cells. Nevertheless, it is obvious that there were some embryos showing 
reduction of only β-cells.  
An explanation for this observation is that there may be some cells which do not 
express sst2 but serve as the progenitor for δ-cells. When some sst2-expressin δ-cells 
were ablated, these progenitor cells gave rise to new cells to compensate for the loss 
of δ cells. Therefore, we observed β-cell reduction within the same embryo without δ-
cell reduction. This assumption was supported by the observation that 68.3% embryos 
with reduced δ-cells could recover by 3 dpf (Section 5.3.2), whereas the recover rate 


















Fig. 5-9 Summary of δ- and β-cell and after δ-cell ablation. A and B, Tg(sst2;gfp) 
embryos(A) and Tg(ins:gfp) embryos (B) injected with pSST2-DTA were separated at 
26 hpf and monitored for 3 days to observe the δ-cell (A) or β-cell recovery (B). 
Detailed description is in section 5.3.2. and 5.3.3.1 separate. C,Tg(ins;gfp) embryos 
injected with pSST2-DTA were stained with sst2 probe according to different 
Tg(ins:gfp) groups at 26 hpf. Detailed description is in section 5.3.3.1. The blue bars 
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5.3.3.2 Effect of δ-cell ablation on α-cells 
In addition to β-cells, α-cells were examined using the gcga probe in δ-cell 
ablation. Similar to β-cell ablation, more severe defects in α-cells were observed at 26 
hpf. In addition to 42.9% embryos with reduced α-cells (Fig. 5-8D’), another 17.1% 
embryos totally lost α-cells. Unlike β-cell ablation, at 35 hpf, there was a decrease in 
percentages of reduced (35.7%) (Fig.5-8E’) or absent α-cells (0%). Further decrease 
in the reduced α-cell group (25.6%) was observed by 3 dpf (Table 5-5) (Fig.5-8F’).  
To better understand the relationship between α-cells and δ-cells, Tg(sst2:gfp) 
embryos were employed for detailed analysis. At 35 hpf, the embryos were separated 
into the GFP-normal group and GFP-reduced group. Then the gcga probe was applied 
for the two groups separately (Fig. 5-10A). In the GFP-reduced group, 77.6 % (n=58) 
embryos also showed reduction of α-cells, indicating that α-cells are often affected 
together with δ-cells. Moreover, in the GFP-normal group, there were also embryos 
with reduction of α-cells, although the percentage (45.6% n=68) is less than that in the 
GFP-reduced group.  
As mentioned in β-cell ablation, α-cells were more severely affected than β-cells. 
Since α- and β-cells were both affected in δ-cell ablation, it is interesting to examine 
the behavior of α-cells in different β-cell groups after δ-cell ablation. Similar strategy 
was applied to Tg(ins:gfp) embryos. At 35 hpf, embryos were separated into the GFP-
normal group and GFP- reduced group (Fig.5-10B). Then the gcga probe was applied. 
In the GFP-reduced group, 86.3% (n=80) embryos also showed reduction in α-cells. 
This indicates that α-cells are often affected together with β-cells. Moreover, in the 
GFP-normal group, there were also embryos with reduction of α-cells, although the 
percentage (35.6% n=118) is less than that in the GFP-reduced group.  
To further understand the relationship among the three endocrine pancreas cell 
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lineage, two-color WISH was carried out on different stages of wild type embryos. 
Consistent with the previous observation by Argenton et al., (1999), ins and sst2 
mRNA were co-localized in many endocrine cells at 26 hpf (Fig. 5-11A), 35 hpf (Fig. 
5-11C) and 3 dpf (Fig.5-11E). Furthermore, there is co-localization of sst2 and gcga 
transcripts in some cells at least at early stages, i.e. 26 hpf (Fig. 5-11B) and 35 hpf 
(Fig. 5-11D). Thus, the co-localization of sst2 and gcga mRNA may account for some 
reduction of α-cells in δ-cell ablation. Nevertheless, it remains unclear about the more 






















Fig. 5-10 Summary of α -cell after δ-cell ablation. A and B, in situ hybridization 
with gcga probe at 35 hpf for Tg(sst2:gfp) embryos (A) or Tg(ins:gfp) embryos (B) 
injected with pSST2-DTA according to different groups. Detailed description is in 


















Fig 5-11, Double in situ hybridization of ins (blue)/sst2 (red) (A,C,E) and  sst2 
(red)/gcga (blue)(B,D,F)on wild type embryos. All are ventral view of de-yolked 
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By taking advantage of Tg(sst2:gfp) and Tg(ins:gfp) embryos to observe GFP 
targeted endocrine cells, ablation-recovery experiments were carried out. We found 
that α-cells were reduced mainly in the GFP-reduction group after either δ-cell or β-
cell ablation. Together with the observation that β- and δ-cells were often reduced 
together, it is reasonable to deduce that α-cells were affected mainly in the embryos 
with both δ- and β-cell reduction. However, whether this α-cell reduction is based on 
a direct effect from δ-cell reduction or based on an indirect effect from β-cell 
reduction caused by δ-cell ablation is still not clear.  
There is no reported investigation on δ-cell cell lineage, partly because δ–cell is 
the latest developed group among the three types of endocrine pancreas cells (α, β, δ) 
in mice. However, some studies indicated that the sequence of expression is not the 
key factor in cell lineage determination (Herrera et al., 2002;Herrera, 2002). Thus 
there is no comparison of this result with other models. Moreover, it has been 
proposed that δ-cells are dependent on PP cells by analysis of mouse endocrine cell 
lineage (Herrera et al., 1994). In zebrafish, pp cells have been showed only in adult 
pancreas by PP antibody staining (Argenton et al.,1999). However, so far the pp gene 
has not been cloned in zebrafish; thus it is impossible to compare this aspect with the 
mouse model in the present study.  
Based on our cell ablation experiments, α-cells are more vulnerable than the 
other two endocrine cells (β and δ). Because of the lack of the zebrafish gcga 
promoter, we were unable to carry out α-cell ablation in this study. However, recently, 
a study on sox4b in zebrafish indicated that α-cells were greatly reduced or absent in 
sox4b morphant, whereas the number of δ- and β-cells were not significantly affected 
although the organization of these cells were affected (Mavropoulos et al., 2005). It 
suggests that differentiation of δ- and β-cells is not dependent of α-cells in zebrafish 
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and that α-cells are more vulnerable than two other types of endocrine cells. 
5.4 Effects of endocrine pancreatic cell ablation on development of exocrine 
pancreas, liver and intestine 
To examine the effect of ablation of endocrine pancreatic cells on exocrine 
pancreas, either pINS-DTA or pSST2-DTA was injected into Tg(elaA:gfp) embryos.  
The morphology of exocrine pancreas did not change in both pINS-DTA and 
pSST2-DTA ablations (Fig. 5-12B and C). Thus, it appears that development of 
exocrine pancreas is independent of β- and δ-cells. This is similar with the results 
from smu (slow-muscle-omitted) mutant (Zecchin et al., 2004) that although the 
expression of ins disappeared at 24 hpf, the expression of exocrine pancreas marker 
remained unaffected. In addition, Pisharath et al., (2007) have showed that exocrine 
pancreas is not affected when β-cells are ablated using the E. coli nitroreductase. 
Similarly, down-regulation of sox4b in zebrafish resulted in great reduction in α-cells, 
whereas the exocrine pancreas is not affected (Mavropoulos et al., 2005). Thus 
exocrine pancreas differentiation is independent of endocrine cells. 
In addition, the liver and intestine development after these endocrine pancreatic 
ablations by injection of either pINS-DTA or pSST2-DTA were also examined using 
the liver (tf) and intestine (ifabp) markers. No obvious change was observed for both 
markers in these two ablations. (Fig 5-12E, F, H and I). Therefore, the development of 
both liver and intestine is not affected by ablation of β- and δ-cells of endocrine 









Fig 5-12 Effect of endocrine pancreas ablation on exocrine pancreas, liver and 
intestine at 6 dpf. A-C, GFP expression in the control (A), pINS-DTA (B) and 
pSST2-DTA injected fry (C). D-F, in situ hybridization of tf on the control (D), pINS-
DTA (E) and pSST2-DTA injected fry (F). G-I, in situ hybridization of ifabp on the 
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5.5 A tentative model of zebrafish endocrine pancreas cell lineage relationship 
Based on all above endocrine pancreas ablation experiments, we propose the 
following: 
1. β- cells may have at least three origins:  
(a) From existing β-cells. This is supported by group sorting experiments, in 
which around 30% Tg(ins:gfp) embryos in the GFP-reduced group after either β- or δ-
cell ablation regained their normal GFP-expressing cell populations after two days 
(Sections 5.2.2 and 5.3.2). Consistent with this notion, Pisharath et al., (2007) have 
shown that the zebrafish existing β-cells could generate new β-cells after β-cell 
ablation. Similarly, Dor et al., (2004) have demonstrated that the newly formed mice 
adult β-cells are mainly from the existing β-cells.  
(b) From the endocrine pancreas precursors that do not express ins. This is 
supported by the fact that all GFP-absent embryos regained their GFP expression in 2 
days (Section 5.2.2). Consistent with our observation, Pisharath et al., (2007) have 
also shown that the zebrafish non-β cells could produce new β-cells after β-cell 
ablation. 
(c) From sst2-expressing cells or intermediate cells which may express more 
than one hormone genes. This is indicated by δ-cell ablation. β-cells showed similar 
reduction as δ-cells after δ-cell ablation, indicating some β-cells are either derived 
from sst2-expressing cells or from intermediate cells which express more than one 
hormone genes. 
2. δ-cells may derive from the differentiated δ-cells or the endocrine pancreas 
precursors. This is supported by the massive recovery (68.3%) of δ-cells after δ-cell 
ablation (Section 5.3.2), suggesting a recovery of δ-cell from either existing δ-cells or 
progenitors.  
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3. Compared with β- and δ-cells, α-cells are unlikely origined directly from pancreatic 
endocrine progenitors. That is because we observed a more profound effect on α-cells 
when β- and δ-cells were ablated. Detailed analyses in Tg(ins:gfp) and Tg(sst2:gfp) 
embryos suggested that α-cells were often affected together with β- and δ-cells. Thus 
we propose that α-cells may derive either from ins-expressing cells or from sst2-
expressing cells, or intermediate cells co-expressing another hormone. 
Apart from the above direct cell lineage model, it is possible that β-cells are 
dependent on δ-cells through a paracrine way. Similarly, α-cells may also be 
dependent on either δ- or β-cells through a paracrine way. 
In mice, it has been proposed by cell lineage analyses that α- and β-cells may 
derive from independent precursors that have never transcribed ins or gcg 
respectively. α- and β-cells are independent of each other, while pp cells are required 
for δ- and β-cells (Herrera, 2002). Our experiments indicate that while morphogenesis 
of exocrine pancreas is largely evolutionary conserved, minor difference in the cell 
lineage relationship of endocrine cells may exist between fish and mammals. 
Consistent with this notion, in mice the α-positive cells appear first followed by β-, δ- 
and pp-cells (Ahlgren et al., 1997; Herrera, 2000; Teitelman et al., 1993; Upchurch et 
al., 1994), whereas in zebrafish Insulin is the first hormone to be expressed followed 
by Somatostatin and Glucagon (Argenton et al., 1999; Biemar et al., 2001). Not only 
the expression sequence is not the same between mammals and zebrafish but also the 
organization of islets in zebrafish is different with that of mammals. In zebrfish, the β- 
and δ-cells are located at the core of the islet while α-cells are in the periphery of the 
islet. In contrast, in mammals, the β cells are located at the core of the islet whereas α- 
and δ-cells are located at the periphery of the islet.  
In summary, our data obtained using cell lineage-specific cell ablations in 
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embryonic zebrafish have raised several interesting questions in pancreatic 
development. First of all, deficiency of the β-cells resulted in more profound defects 
in α-cells and almost no defects in δ-cells. Second, the deficiency of δ-cells resulted in 
reduction both in α- and β-cells. The above two points could be a starting point both 
in screening for genes affecting endocrine development and in further endocrine 
pancreas cell lineage analyses in zebrafish. Finally, we showed that ablations of either 
exocrine pancreas cells or endocrine pancreas (β- and δ-) cells have no obvious effect 
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